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Coatings for Graphite Flberg 


SUMMARY 


Several approaches for applying high resistance coatings continuously to 
graphite yarn were investigated. Two of the most promising approaches involved 
(1) chemically vapor depositing (CVD) SIC coatings on the surface of the fiber 
followed by oxidation and (2) drawing the graphite yam through an organo- 
silicone solution followed by heat treatments. In both methods , coated fibers 
were obtained whldi exhibited increased electrical resistances over untreated 
fibers and which were not degraded. This work was conducted in a previous program. 

In this program, the continuous CVD SiC coating process used on HTS fiber 
was extended to the coating of HMS, Cellon 6000, Cellon 12000 and T-300 graphite 
fiber. Electrical resistances three orders of magnitude greater than the un- 
coated fiber were measured with no significant degradation of the fiber strengths. 
Graphite fibers coated with CVD SI3K4 and BK had resistances greater than 10^ 
ohm/cffl. 

Lover pyrolysis temperatures were used in preparing the slllca-llke coatings 
also resulting in resistances as high as three orders of magnitude higher than 
the uncoated fiber. The epoxy matrix composites prepared using these coated 
fibers had low shear strengths indicating the coatings were weak. 


"Use of commercial products or names of manufacturers in this report does not 
constitute official endorsement of such products or manufacturers, either ex- 
pressed or implied, by the Kational Aeronautics and Space Adolnistraticn." 
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1.0 INTBODUaiON 


1.1 Background 

Over the past several years, graphite fibers have been used to produce low 
density high strength coiaposltes for many aerospace structures. The interest 
in these composites has been growing steadily especially for use in aircraft 
structures. Because of this growing interest, it became of concern to both comr- 
posite users and manufacturers when it was announced that the release of carbon 
fibers from composites due to fire or explosions could have serious effects on 
electrical and electronic equipment (Refs. 1,2). 

1.2 Objectives 

In order to solve this problem, KASA looked at several approaches Co either 
prevent the release of fibers or to make the fibers nonconductlve so they would 
not short circuit electrical equipment. A summary of these approaches was dis- 
cussed at a NASA workshop in Hampton, VA on March 23-24, 1978 (Ref. 3). 

1.3 Summary of Results from Previous Studies 

The approach taken on this KASA prograa to solve the fiber conductivity 
problem was to coat the graphite fibers with a l^er vdildk would increase the 
resistance of the fiber. Hercules HTS graphite fibers were selected for use in 
the development of electrically resistant ^eatings because of the wide range of 
programs for which this fiber was being used. A preliminary study was first con- 
ducted on drawing graphite fiber through glass, dipping the fibers in colloidal 
silica, drawing fiber through organo-sllicones and chemical vapor depositing 
(eVD) coatings of SIC and B or B alloys. This was followed by a more detailed 
study of the most promising methods which were the CVD SIC coating and orgsno- 
silicone approaches using graphite fibers. This work was reported in NASA CH- 
159078 (Ref. 4). 

In the CVD SIC coating studies, it was shown that HTS graphite fibers could 
be coated continuously without degrading the fibers. The electrical resistance 
was highest (1000 ohms con^ared to 2 ohms for the untreated yam) %«ben a reactor 
temperature of 1398 R was used, a drawing rate of 30 cm/mln and an in-line oxi- 
dation teiq>erature of 773 K. For Che organo-slllcooe method of coating HTS 
graphite fiber, the best conditions wete as follows: concentration of ethyl- 

silicate 2,5 wt Z, drawing rate 0.91 m/adn and pyrolyais teagMsrature of 1093- 
1173 Kin a nitrogen atmosphere. The resistance of dtese fibers was 14 ohms va 
2 ohms for the untreated fiber and no degradation of the fiber vas observed. 
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This program reported herein extended the CVD SIC coating atudlee to BIS, 
Cellon 6000, Celion 12000 end 1^300 graphite fibers. The orgeno-silleone coating 
approach vea further atudled using the Cellon 6000 graphite fiber as the reln- 
forcenent and nev coating Mterials tfere Investigated. Additional studies were 
initiated on CVD silicon nitride and boron nitride coated graphite fibers. CVD 
silicon nitride and boron nitride have very high electrical resistances, but 
presented some problems in deposition since it bad to be done at very low pres> 
aures. Therefore, the objective of this part of the program was to evaluate the 
CVD silicon nitride and boron nitride processes for forming coatings on graphite 
fiber to Increase the resistance of Che fiber while not decreasing Its strength. 
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2.0 EXPBRIMEHTAL PROCEDIIRES 


2.1 Coating Apparatus and Procedures 

2.1 .1 Continuous CVP SIC Apparatus 

Continuous deposition of the SIC CVB coating of the graphite fibers was 
carried out in the apparatus shown in Pig, 1. Argon gas seals at both ends of 
the reactor kept the reactant gases within the chamber and sdnlmlzed the intro- 
duction of outside air into the hot zone. An rf induction coll was used to heat 
the graphite susceptor vdiich was placed within a double walled water cooled 
silica chanber. The inner graphite susceptor was separated from the silica 
walls with aluDinun oxide spacers. An in-line oxidation furnace was placed be- 
tween Che exit pare of the reactor and the take-up spool. 

The reactant gases were introduced into the reactor after the graphite 
yam had been brought to the desired temperature. The reactant gas flow rates 
were nominally 0.015 i/aln of nethyldlchlorosllane, 0.110 i/tdn of hydrogen 
and 0.110 i/nln of methane. The methyldichlorosllane vapor needed for the SIC 
deposition process was obtained from a liquid evaporator. A schematic of this 
evaporator is shown in Fig. 2. The constant temperature of the water Jacket 
together with die pressure within the supply tank was smasured so that calcu- 
lations could be made to determioe the amount of methyldichlorosllane which was 
being introduced into the reactor during deposition experiments. 

2.1.2 Static eVD SI 3 N 1 . Coating Apparatus 

hro apparatus were tised for the static chemical vapor depoaltioQ of silicon 
nitride. In one, adLxtures of silicon tetrafluorlde and aanaonia were introduced 
into a large cylindrical hot reaction dtaaber. The graphite fiber to be coated 
was suspended within this chamber. A photograph of the graphite resistance fur- 
nace used in the initial experiments is shown in Fig. 3 and a scheaiatlc drawing 
of this apparatus is shown in Fig. 4. The reactant gases were brought into the 
furnace separately and mixed innediately before passing over the hanging graphite 
yam. The pumping system capacity was adjusted to remove the exhaust gases at 
such a rate that there was always a supply of fresh reactant gas around the 
graphite yam. 

Deposition temperatures of from 1673 to 1873 K have been used to form CVD 
813 ^^ in this apparatus. For this program an Initial deposition tenperature of 
1723 K was chosen since preliminary OTRC research on coating graphite yam shewed 
that this temperature yielded a good coating without visible degradation of the 
graphite fibers. Similar reasoning was used to dtoose the mole ratios of reac- 
tant gas and the pressure within the reactor to conduct a series of experiments 
in which graphite fiber was statically coated. 
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itaiocbar apparatus cofislstad of a double vailed water cooled alliea jacket 
with appropriate glass fittings for vaeinni and low pressure operation. A graphite 
cylinder was placed within the water cooled silica ttd>e and rf Induction heating 
was used to bring tills graphite cylinder up to the desired deposition teaq>erature. 
Ihe graphite yam to be coated was suspended In the center of tiie heated tube and 
provisions were made for the Introduction and exhaust of tiie gases. In this 
apparatus a 35 kW rf Induction unit was used to heat the graphite cylinder In 
which the graphite yam was suspended. In Fig, 5 Is shown a photograph of this 
apparatus. 


2.1.3 Static CVD BN Coating Apparatus 

The static chenical vapor deposition of boron nitride was carried out in 
the same large cylindrical hot reaction chanter that was previously described 
for the SI 3 N 4 experlnents and ^own in Fig, 3. In this case BF 3 and NH 3 were 
used as the reactant gases. 

2.1.4 Organo-S 111 cone Coating Apparatus £cr Contmucus Process Studlss 

A description of static experlnents and results vere given In NASA Con- 
tractor Report 159078 (Ref. 4). Two apparatus designs were used for continuous 
fiber coating. The first continuous fiber coating apparatus was also described 
in the referenced report. 

The second apparatus was a nodlflcatlon of the first design, to pro- 
vide for several inprovenents In operation and control of the coating pxocesa. 
Thase Inprovenenta Include separation of tha drying and hydrolysis chsahex Into 
two separate dianbers, ( 1 ) to provide Inproved drying of ^e fiber after solution 
Impregnstton of the graphite yarn, ( 2 ) a separata hydrolysis cbaiber to prevent 
contaBd.net Ion of the coating solution by watery and for Increased hydrolysis ten- 
peratures. In the previous design, n portion of the coating solution was under 
the drying and hydrolysis chanber, causing sons concanlnaClon of the solution by 
water. Additional ImproveoentB were nade in the drying diariber after hydrolysis, 
an Increased nuraber of tenperature sensors for tenperature control, and Teflon 
pulleys to prevent yam crossover. 

Coating studies of two systems from the static test coating results and 
from the first continuous coating results were continued In the modified con- 
tinuous coating apparatus shown In Fig. 6 . These were silicone resin GE, 

SR — 355 and prepolymer ethyl silicate (ES), the Ranson 4 Randolph Co, R4R 
silicate binder #18. In addition, Owens-Illinois glass resins 100 and 650 
and trl-n-butylborate were also investigated using the modified continuous 
process equipment* 
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2,2 Fiber Teat Proceduri 


2.2.1 Electrical Resistance MeasursBents 

A technique for obtaining the relative, but only approxloate, resistance 
of one coated yam coapared to another Involved l^ing out tite coated fiber on 
an insulator. TWo copper blocks 2.5 x 7.5 x .6 ca thick were then placed across 
the tows 2.5 cm apart. A sketch of the copper blocks in a neasurewent position 
is shown in Fig. 7. Care had to be taken so that about the sane area of fiber 
was contacted each tine and the contact pressure of the resistance measurement 
leads was the sane. A volt-ohm microanmeter which had a nominal input lsq>edance 
of 100 K ohms per volt DC was used to record the resistance. The resistances of 
fibers coated using the organo-slllcone approach were also measured by this 
technique. 

Another method of resistance measurement was developed to provide a contin- 
uous monitoring of yam resistance for the CVD SIC coating process. This was 
done by passing the coated yam over two electrically isolated copper rods after 
it exited from the in-line oxidation furnace md before the yam was collected 
on the take-up drum. The copper rods were offset in ths vertical plane to 
assure a constant tension sliding contact. A photograph of the CVD SIC coating 
apparatus with the continuous resistance measuring copper electrodes in place is 
shown in Fig. 8. 

2.2.2 Arcing Tests 

An open circuit test was used to determine if the CVD coated graphite fibers 
would arc when placed across open electrical leads. In this apparatus, two copper 
electrodes were placed in the bottom of a Teflon lined Incite box and the output 
of a 120 VAC Varlae with an In-line voltmeter was connected to tibese copper elec- 
trodes. An experimental setup is shown in Fig. 9. The tube that can be seen 
between the copper plates in the phrtograph is a piece of aluminum oxide used to 
prevent accidental contact between ihe bare copper electrodes. To observe the 
benefit of a CVD coating, an oxidized coating or one that had been In-line oxi- 
dized, a 6 cm length of the yam to be evaluated was placed across ^e two bare 
flat copper electrodea. The spacing of the electrodes was maintained at 1.3 cm. 
Ihe voltage was increased from 0 to voltage bre^dovn. 

2.2.3 Ultimate Tensile Strength Me^urements 

2.2.3. 1 Single Filament Tests 

Ihe tensile strength and modulus of Individual fibers were measured for the 
uncoated, C\' '!oated, and oxidized CVD SiC coated yam in a UTRC test apparatus 
(Ref. 5) whlc ad been developed for fine filaoent testing. This technique 
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iavelTed die extraction of alngle fllaaent froa a «ulti>£ilaaent buoidla for 
attadiBBnt to the teat apparatua. Careful calibration of die load cell and 
croeahead aouaaiaat allowed for the calculation of both ultlaata tensile strength 
froD the breaking load and aodulua iron the elastic portion of tha streasos train 
curve. A photograph of the apparatus Is shown in Fig. 10. 

A ainlaun of ten fibers fdiich broke In the gage lengdi were used to deter* 
nine the average tensile strength c£ the fibers. The area of an individual 
fiber w ich was used in the calculation of tensile strength was initially ob- 
tained from the average of 50 planineter measurements. These aeasurements were 
made from lOOOX photomicrographs of mounted cross sections of the yams being 
tested. 


2.2. 3. 2 Yam Tests 

There is no ASTM accepted standard for measuring tensile loads or strengths 
of high nodulus graphite yams. Tensile measurements of graphite fiber coated 
using the organo-slllcone approach were made using die whole yam. The speclnens 
were prepared by impregnation of die graphite yam wlui a 45 w/o solution of epoxy 
resin (Epon 828/Sonlte 21, 100g/I9g) In methylethylketone. The resin It^regnated 
yam bundle was pulled taut, fixed in this position and allowed to cure at room 
temperature oveznl^t. The cured resin i^regnated yem was cut into 13.9 cm 
spectmsns (or 10.9 cm speclnens) and placed on an altalnia plate. Each end was 
reinforced with 4. 2 cm pieces of the same it^iregnated yem by bonding it with 
epoxy resin (described ^ove), at the same time as 2.5 cm square cellulose tabs 
were bonded to the ends, using Epon 907 adhesive. 

Yam tensile specimens were measured on e 890N Instron using pneumatic air 
driven grips tc hold the specimens, at a crosshead speed of 0.05 cn/oln. A 
specimen gage length of 2.5 cm or 5 cm was used. 

2.2*4 Coating Thickness Heasurements 

In initial goal of this program was to obtain coating thicknesses on indi- 
vidual fibers of approximately O.lOym. These coatings were too thin to measure 
accurately even at 10001 with conventional metallogriqihy. Preparations of mounted 
cross sections were then examined in the SEM with both chemical etchant and loo 
silling used to obtain edge relief. Speclnens were also prepared and examined 
with an electron microscope. 

2.2.5 X-ray Diffraction tealysls 

The coated grai^lte fibers were formed into twisted yam samples ^proxinately 
2.5 cm long and mounted in a standard Debye camera having a radius of 117.5 am. 
Copper ka radiation was used at 40 kV and 20 me. settings. An 8 hr exposure was 
typical for ell samples in this series. During exposure, the yam sample was 


7 


rotated to insure all possible planes vithin the speciaen were presented to the 
X-ray bean. After the develop^nt of the flla direct coaparisons were aade of 
each fila with a standard SiC, Si 3 Ni, or BK X-ray diffraction pattern. In the 
case of the fibers coated by the organo-s 11 leone process* no pattern except that 
of the graphite fiber was ever observed* so It was assuned that the coating on 
these fibers was aaorphous. 

2.3 Composite Test Procedures 

2.3.1 Epoxy Resin Flexural Strength Keasureaents 

A resin fomulatlon containing }C720* epoxy Novalac DEN 436, and curing 
agent 4*4'-dlanlnodii^enyl sulfone (DD6) in the weight ratios* M?720/I^ 438/ 

DDS of 4.5/1.0/2.25 was developed for use as a resin matrix in graphite /epoxy 
composites. The epoxy resin system was designated UTR089Z. Flexural speci- 
mens were prepared and measured according to ASTM procedure D790-71. The 
specimen dimensions were 10 cm x 1.25 cm x .47 cm. 

2.3.2 Fabrication of Graphite /Epoxy Prepreg Tape 

Forty-five weight percent solution of the UTRC resin in a 50:50 weight per- 
cent of aethylethylketone and cellusolve was prepared for Impregnation of 
untreated graphite fiber and SiC coated graphite fibers. The objective in the 
initial coating process was to obtain a resin coated graphite yam containing 
33-35 w/o resin, in order to obtain a fiber volume percent of ^proxlmately 602 
In a finished coiq>oslte. Using the above solution* a graphite tape containing 
43 w/o resin was produced and a composite with s fiber volume of only about 482 
wes formed. In order to decresss the resin content to 33 w/o in the graphite 
prepreg* the concentration of the Impregnation solution was reduced to 35 w/ 

Resin impregnated tape 8.8 cm wide was prepared by passing the untreated 
or coated yam through the resin solution vis pulleys and then winding onto s 
45 cm diameter drum. The tape was allowed to stand at room temperature in a 
hood to remove solvent. It was then cut into the appropriate slse for fabri- 
cation Into a composite* and placed in an oven at 298 R for 1 hr to remove 
excess solvent. 

2.3.3 Fafbrlcation of Graphlte/Epoxy Coi^osites 

The solvent free precut tapes are stacked one over the other to yield 
layered coaposites 3.75 cm x 20 cm x .25 cm or 8.8 cm x 16.3 cm x .5 cm. The 
uncured lay-up was sealed in a nylon beg for vacuum molding. The bag was evac- 
uated and the temperature was raieed to 398 K* and maintained at this tei^>erature 
for 1 hr. Pressura (690 Pa) was applied after 1 hr et 398 K. The tespereture 
was raised Co 423 K* and held et this temperature end preesuse (690 Pa) foi' 1 hr. 
The composite was cured for an additional hour at 453 K, while at 690 Pa. 
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2.3.4 Flexural Property Measurement 


The speclaena used in determining flexural properties had a nominal site 
8.8 cm long x .63 cm wide x .25 « diickness, and were measured either by a 
3-point or 4-polnt method at a span-to-depth ratio of 32/1 or lees, according 
to ASTM procedure 0790-71. 

2.3.5 Shear Strength Heasureaent 

The specinens used in deterolning the interlasilnar shear strength had a 
noolnal size of 1.3 cm long x .63 co vide x .23 ca thick, and were measured at 
a span-to-depth ratio of 4/1. 


9 


3.0 OISCOSSIOH AND BESULTS 


3*1 CVT SIC Coating Approadi 

rhe CVD 'deposition apparatus as aodified for continuous aonitoring of yam 
resistance vas also used Co deaKmstrate the feasibility of coating graphite 
yarns. These yam« chosen for the CVD SIC process were HMS* Celion 6000* and 
T-300. Celion 12000 vas also selected tdien during the course of this program 
unsized Celion 6000 yarn was no longer coanerclally available. Although Indi** 
vidual flleaent dlaneters within different graphite yam bundles were all 
about the saute* the number of filaments per tow varied considerably. The HMS 
graphite yarn was composed of 10.000 filaments. T'-SOO graphite yam contained 
1400 filaments per tow and Celion 6000 and Celion 12000 contained 6000 and 
12000 filaments per tow respectively. 

Since the final task of this program was to supply NASA with epoxy resin 
composites containing tiie highest electrical resistance and reasonable strength 
CVD SIC coated graphite yam of each of the ^ove types of graphite tows, experi- 
ments were conducted which were directed toward achieving this goal. A range of 
dr wing rates from 15 cm/nin to 122 ca/nla and the In-line oxidation furnace off 
or at a tenperature of 773 K or 873 K were choeen as the overall matrix of 
operating parameters to bradcet those conditlone that would poeeibly yield the 
highest CVD Sic coated yam resistance. This matrix la shown In Fig. 11, 

In T^les 1, 2 and 3 are listed the experimentel runs for Celion 6000 
graphite yam, T-300 graphite yarn, and BM5 graphite yam for this drawing rate 
and Im^line oxidetion furnace tempereture aetrlx. there ere two sets of resis- 
tance values for each run which ie Hated in diese teblee* The first set was 
taken Imsedlately after dte run was mad e and the second set vas made on the seme 
length of coated yam at a different time to deteraioe tiie repeatehility of the 
measurement. For most runs both these sets of rceletance measurements did not 
differ greatly. From examining the overall resistance data in the three 
tables. It appears that fibers prepared at the higher drawing rates (90 cn/mln 
and 122 cm/mln) are not affected by In-line oxidation temp>erature levels. This 
is probably due to the extresie short residency time of the CVD SIC coated 
graphite yam within the oxidation furnace at these high rates. The electrical 
resistance of the coated yam does appear to increase with decreasing drawing 
rate. However, the results at the slowest drawing rate, IS cm/nln are not 
consistent. In general, these graphite yams seem to run best through the 
reactor at speeds greater than 15 cm/mln. This is particularly true for yams 
in-line oxidized at the higher temperature of 873 K. The Celion 6000 graphite 
yarn and the T-300 graphite yam under these conditions of low drawing rates 
and high in-line oxidation temperature continually clogged inlet and outlet 
reactor parts so severely that no coated yam could be collected at these con- 
ditions. In the mid-speed drawing range the costed HMS and Celion yams had 
higher resistances chan the T-300 coated yam. 
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Individual fiber tanelle tests were made on the CVD SIC coated HMS and CVD 
SIC coated Cellon 6000 graphite yam fron these runs. The results of these tests 
are listed in Table 4 for the Celion graphite yam and T^le 5 for the H16 
graphite yam. The pretwist of the as-received T-300 graphite yam sade it too 
difficult to extract individual fibers long enough for tensile testing. For the 
CVD SIC coated Celion graphite yam at an iti-llne oxidation temperature of 773 K the 
ultimate tensile strength appears to peak (2333 MPa) at 30 cm/mln and then taper 
off (1736 MPa) as the drawing rates increase to 122 cn/ciln. Examining similar 
data (Table 5) for the CVD SiC coated HMS yarn the In-line oxidation temperature 
of 873 K yields the more consistent (2200 MPa) ultimate tensile strength. 

Comparing electrical resistance, reasonable tensile strength, and taking 
into account qualitative information such as smoothness of reactor operation, 
amount of yam fraying during processing and handleablllty during evaluation, 
the following operating parameters were chosen for each graphite yarn. For the 
CVD SiC coated Celion 6000 graphite yam an in-line oxidation temperature of 
773 K at 30 cm/min resulted in a ccmibination of an ultimate tensile strength 
average of 2333 MPa (339) and an electrical resistance average of 1.5 K ohms. 

The parameters chosen for the HMS graphite yam were drawing rates of 30 ca/mLn 
and an in-line oxidation temperature of 873 K. These conditions yielded CVD SIC 
coated HMS graphite yam which had an average individual fiber tensile strength 
of 2145 MPa (311 ksl) and a relatively high electrical resistance of 2.7 K ohw. 

For the T-300 graphite yarn deposition conditions of 30 ca/ailn with an in-line 
oxidation temperature of 773 K was chosen. For these conditions the CVD SiC 
coated T— 300 graphite yam had electrical resistances as measured with the 
copper block technique of 750 ohms. 

Tward the completion of this program and before all the coated graphite 
yam had been produced for coiq>late composite evaluation the future availability 
of Celion 6000 graphite yam becaaie questionable. The same manufacturer was 
only able to supply unsized graphite yam in a 12000 filament tow fom, Celion 
12000. CVD SIC coating experiments were made with this yam at only one drawing 
rate, 30 cm/min. Tne in-line oxidation furnace was used at 773 K and 873 K. 

The resistance data for these runs are listed in Table 6. Individual filament 
tests were made on extracted fibers from tills series of runs and these results 
together with tests on fibers extracted from the untreated graphite yam are 
listed in Table 7. From the data in these two tables, the in-line oxidation 
temperature of 773 K was chosen as yielding the best coidiinatlon of strength, 

2335 MPa (342 ksi) and average resistance, 1.4 K <Ams. These deposition con- 
ditions were used to produce enough Celion 12000 coated yam for conqioslte 
fabrication. 
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The peraaeters for the four types of graphite yam along with reactor gas 
input and tesperature of deposition are listed in Table 8. These chosen condi- 
tions vere used to produce enough coated yam of each type for incorporation 
into deliverable conposites for NASA. 

3.2 CVD Si3N4 Coating Approadi 

The chemical vapor deposition of silicon nitride 'Xito HXS, HlC and Cellon 
6G00 graphite yam vas investigated. The deposition of CVD Sl3N|^ involves the 
following gaseous chemical reaction: 

3S1F^ + 4 MI 3 4 12 KF 

At UTRC it was found that this reaction when conducted at teiq>erature8 of 
approximately 1723 K and pressures of approximately 1 torr produces a dense. Im- 
pervious, high resistance silicon nitride coating on bulk graphite substrates. 

In the large cylindrical deposition apparatus previously shown in Fig. 3, HTS 
graphite yarn was stispcnded in the center of the hot zone and CVD Sl3Ni, expert- 
Bents were run for 5, 10, 13, 30, 45 and 60 min d\iratlons. Since only e 20 cm 
length of yam vas coated at one time, multiple experiments had to be msde to 
obtain sufficient coated material for evaluation. In Figs. 12 and 13 are shown 
cross sections sc 12S0X for CVD SI3N1, coated HTS graphite yam selected from 
rms of duration 5 , 30 , 45 and 60 min. Prom these figures It can be seen that 
the thickness Increases with cine and after extended periods (Fig. 13) the 
coatings becoee so thick that the reactant gas can no longer penetrate the yam 
bundle. It wae encouraging to Observe that even In Fig. 13, individual fibers 
are still coo^letely coated before fiber bridging occurs. 

Successive X-ray diffraction patterns of the siilcon nitride coated HTS 
graphite yam were taken and are shown in Fig. 14. As would be e3q>ecCed, Che 
strongest X-ray patterns were obtained from thoae HTS yams which were run for 
the longer duration hence heavier silicon nitride coatings. A standard o 
pattern is also shown in this figure for comparison. 

Another apparatus (that was shown in Fig. 5) ffhich was much smaller in 
volume was developed for graphite yam deposition. This new apparatus decreased 
pump down time, claie to cool after deposition, etc. Initial runs with HTS yam 
were made to assure Che same quality of coating would be obtained in this 
apparatus as vas previously achieved in the large CVD coating apparatus. In 
Table 9 are shown some Individual fiber ultimate tensile strength and modulus 
data from extracted fib rs from CVD Sl3N^ HTS coated graphite yam coated In 
the large and In the smaller apparatus. Included In this table are results from 
two HTS yams which were e^osed to 15 sdn depoaition cycles In each apparatus 
except that no reactant gas was Introduced for theae yams. These Initial ulti- 
mate tensile strength data indicate that the large deposition furnace environment 
appears to cause slightly more d^rsdation to the ss-recelved yam properties 
than does the smaller deposition apparatus. 
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SEM studies of these runs listed In this table vere then conducted to observe 
the surface of the silicon nitride coatings. In Figs. 15, 16 and 17 are shown 
CVD Si3M4 coated RTS graphite fibers fron deposition runs at 1673 K for 5, 10 
and IS nin durations. In Pigs. 18, 19 and 20 are shown fibers aade at 1593 K 
deposition tenperaCure again for tiaes of 5, 10 and 15 min durations. For com- 
parison purposes, a SEH photograph of the surface of as-received HTS yarn is 
shown In Fig. 21. In Figs. 15 tiirou^ 17 Che coating can be seen to be develop- 
ing in thickness for longer deposition times. The surface differences in Figs. 

18 through 20 are probably due to the lower deposition temperature. In Figs. 

18 and 19 can be seen the start of bridging of the coating between two fibers. 

The surface debris shown In Fig. 20 could be due to the longer deposition tines 
at this lower than normal deposition tea^erature. 

To determine if excess SIF^ In the reaction chamber was causing a loss in 
tensile strength of the CVD SijN^ coated HTS yam experlnents were made with 
Che SiFi, gas flow input constant and varying amounts of aomonla introduced. For 
this series of runs the deposition tines were of 10 and 20 nln duration and 
deposition temperatures of 1593 K and 1673 K. In Table 10 are listed tite re- 
sults of individual fiber tensile tests on these coated yams. The reason for 
the subtly lower tensile test results fron these deposition conditions than 
those reported in the previous table is not known. 

Resistance measurements (except to establish resistances of greater than 
10^ ohns) via the copper block technique developed for the CVD SiC coated 
graphite yams could not be used for the CVD $13X11 coated granite yams since 
the resistances of the SI3N1, coated yams are too high to be in the range of 
the volt-nicroaoDeter used for that technique. 

The qualitative arcing iq>paratus was used on lengths of coated yam fron 
each of these runs. The results of the arcing tests are given in Table 11. In 
general no experimental ran of 20 min duration showed evidence of arcing with 
an open circuit voltage of 120 VAC. Thus the bdiavlor of each pair of runs does 
indicate that the longer CVD SI3K4 coating runs do protect the graphite yam 
better than the shorter runs. Data for an untreated HTS yam are Included in 
this table for coaparlson of its arcing behavior. 

Static CVD SisHi. experiments were made with HJ6 graphite yam at four ammonia 
to silicon tetrafluoride ratios of 1.93, 3.72, 6.01, and 8.45 for deposition 
temperatures of 1523 K, 1623 K, and 1723 K. All of these runs were of 20 min 
duration. In Table 12 are listed the gas flows, XB3/SIF14 ratios, and the results 
of ultimate tensile tests 00 Individual fibers extracted from the coated HMS tows. 
From examining the ultimate tensile test results in this table, there were three 
conditions idtlch showed no decrease in tensile strength and thres more in idiich 
the decrease in strength wee less than 15X of the ss-recelved tensile strength. 

The first three deposition conditions were at temperatutea of 1623 and 1523 K 
but the second set included a deposition condition of 1723 X (Fun SH-4A) • 
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In an attempt to develop a correlation of tlilckaesa with tine and gaa Input 
flow ratio conbinationa of experlnental runs were Bade at flow ratios of 3.7.?, 

6.01, and 8.43 for 5, 10 and 30 nln durations. All these runs were made at a 
deposition temperature of 1723 K, In Table 13 are listed the operating paran- 
eters for these runs, fhotomicrographs of the cross section of CVD SI 3 N 4 coated 
HMS yam for all three ratios for the 5 min duration experiments are shown in 
Fig. 22. The 10 min deposition experiments are shoam in Fig. 23 for the 30 min 
deposition experiments in Fig. 24. The thickness of the silicon nitride coating 
can be seen to be increasing with Increasing times of deposition. The long 
deposition time tends to start producing clusters of coated fibers (Fig. 24). 

The elongated appearance of the graphite fibers In some of these photomicro- 
graphs Is due to off-axis specimen mounting during metallographlc preparation. 

Xo clear correlation with coating thickness and KH 3 /SIF 4 ratio could be ex- 
tracted from these photographs. Individual fiber ultimate tensile tests were 
attempted on these runs but no filaments could be extracted from the longer 
duration runs (SN 78, SN 72, SN 80) and only short pieces could be tediously 
extracted from the remaining runs listed in Table 13. 

To obtain coated HMS yams which could be more readily tested, the same gas 
flow ratios and deposition temperature were used but the times of deposition 
were 1, 3 and 5 min. Individual filaments from these runs (except for run SN 
95) could be extracted from the CVD SI 3 N 1 , coated HMS yam bundle for testing. 

The results of the tests made on this series of runs are listed in Table 14. 

From this table it can be seen that runs SM 93 yielded values as hig Mi 2458 
MPa (357 kst) and run SN 100 was also In excess of 2400 MPa (350 ksi). 

These CVD SI 3 N 4 coating experiments were conducted with one suspended tow 
in the chemical vapor deposition apparatus for eadi run. To make a composite 
of CVD SI 3 N 1 . coated HMS yam the yield of each deposition experiment was in- 
creased by suspending 15 tows at one time in the center of the hot zone. Modi- 
fications had to be made to tiie Inlet gas flow path to accommodate this Increase 
of suspended tows Co prevent blockage of Che gas flow path by these larger 
number of tows in the reaction chamber. The reactant gas was introduced at the 
bottom center of the vertical cylindrical chamber, and as such the end of the 
tows nearest d>e gas inlet had the thicker silicon nitride coatings. The top 
left photograph in Fig. 25 was taken from the bottom end of die suspended tow 
and the Sl 3 Mi, coating is fairly thick. The upper right and bottom two cross 
section photographs In this figure were taken from vertical locations of the 
CVD SI 3 N,, coated HMS graphite yam which was used to fabricate a composite panel. 
It can be seen from these cross sections that the CVD coating thickness 

of leogdis that went into composites from these runs was less dian 0.5 microns. 

Static experiments wldi Cellon 6000 graphite yam were made at 1723 K. depo- 
sition temperature and various tines and reactant gas ratios. In Table IS are 
lifted the parameters for these runs which were made for 5, 10 and 30 min dura- 
tions. Photomicrographs of cross sections of the CVD Sl 3 Nt. coated Cellon graphite 
yarn made In the runs listed in this table are ^own for the 5 min duration In 
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Fig. 26 for the 10 ala expcriseat in Fig. 27, end for the 30 ain esperlaeat in 
Fig. 28. The b^evlor of die Celion 6000 grefihite yam in the depoeitlon diei^er 
was elaller to that of the HMS graphite yam except at die longer deposition 
Claes Che corresponding thickness of CVD Si 3 K 4 coating appears greater with the 
Celion 6000 graphite yam. As was previously shown with the CVD SI 3 N 4 coated 
UKS graphite yam (Fig. 25) , at the longer deposition tiaas bridglc.g of the 
coating across Celion 6000 fibers also occurs (Fig. 26). 

These fairly thick SI 3 N 4 coatings on the Celion 6000 graphite yam pre- 
sented difficulty again similar to the HMS coated yam In that single filaments 
could not be easily extracted. For this reason the CVD Sl 3 N^ experltaencs with 
Celion 6000 were repeated for the shorter (1, 3 and 5 min) run tines. The 
deposition parasKters and ulclnate tensile test results for this series of 
experiments are listed In Table 16. Even with these shorter deposition times, 
single filaments from runs SN 115 and SN 121 could not be extracted for testing. 
Both these runs were of 5 min duration. Although the tensile strengths with 
CVD SI 3 N 4 coated Celion graphite yam are not as .high as those obtained with the 
CVD SI 3 N 4 HMS graphite yarn Csee Td>le 14). valuets of 1660 to 2020 MPa (270 to 
290 ksl) for runs SN 116 through SN 118 are considered acceptable. These three 
runs were all made at ammonia to silicon tatrafluorlde ratios of 6 . 01 . 

The Celion 12000 graphite yam ^Ich was discussed earlier in this report 
as having been received toward Ute end of this program was not completely eval- 
uated for CVD SI 3 M 4 coating. In Fig. 29 is shown a cross section of CVD S 13 N 4 
coated Celion 12000 graphite yam that was run for 20 min at NB 3 /SIF 4 ratio of 
6.01 and a deposition temperature of 1723 K. From this and other preliminary 
experiments it is felt that, other than any problems associated with handling 
12000 filament tows as opposed to the 6000 filament ends in previously avsilsble 
Celion 6000 graphite yam. this new yam ^ould present no difficulties in the 
CVD SI 3 N 4 coating process. 

3.3 CVD BN Coating Approadt 

The chesdcal vapor deposition of boron nitride onto HMS and Celion 6000 
graphite yarn was investigated. The reactant gases used for this deposition 
process were boron trlfluorlde and anmonla. The reaction equation can be ex- 
pressed as: 


BF 3 + NH 3 BN + 3UF 

Previous work at ITERC had '^hrK.n that bulk pyrolytic BN could be formed on 
graphite substrate at tempera ^873 K under reduced pressures . These 

same conditions therefore wet r«d in die first experiaents with HMS granite 
yam. Two 20 cm lengths of the HbiL tow were suspended In die center of the 
large vapor deposition apparatus diat was shown In Fig. 3. Temperature of 
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(Uposition was hsXd cons Cant at 1873 K while experinents were run for various 
tloes of iron 5 aln Co 180 nln. Another series of experiments were made in 
which the tiam of deposition was held constant at 30 sdn and temperature of 
deposition lower in 25 K increments from 1873 X down to 1748 K. These runs 
are listed in Table 17. A plate of graphite vcs also placed in the deposition 
chamber for these last series of runs. This plate was used to measure the rate 
of weight gain per unit area and rate of thickness growth. From the weight gain 
measurements, it was felt that the deposition temperature of 1748 K was too low 
to initiate formation of measurable amounts of BI>. Electrical resistance mea- 
surements with the copper block technique indicated that at least 10 min of 
deposition tine at 1873 K was needed to obtain an open circuit reading (>10® ohm) 
on the CVD BH coated graphite yam. For the 30 min experiments all except 
the 1738 K run had tow resistances too high to measure. 

3.3.1 CVD BN Cellon 6000 Graphite Yam 

cellon 6000 graphite yam was used as the substrate in the CVD BN apparatus. 
The temperature of deposition was held constant at 1873 K and runs of from 1 to 
45 min were made. The CVD BH coating runs for Celion 6000 graphite yam are 
listed in Table 18. The shorter duration rvme listed in this tcd>le (1 to 5 min) 
were made to produce coated tows from which individual fibers for tensile testing 
could be extracted. Sections of coated yam were taken from the runs listed in 
this table for studying growth rate. In Fig. 30 are shewn runs of 1 end 10 min 
duration. In Fig. 31 are shown cross sections of the 20 and 45 min experiments. 
The effect of longer deposition times can be seen by collaring the CVD BN thick- 
ness as shown in these two figures. The CVD BN coated yam from the 45 adn 
duration experiment was brittle and contained many areas of individual fibers 
cluaqted together. 

The extraction of single coated fibers for tensile testing cm deposition 
runs of longer than 10 min was not possible. The 1 min duration runs were not 
a problem but difficulty was encountered with the 10 min deposition experiments. 
The results of ultimate tensile strength and modulus tests on the extracted CVD 
BN coated Cellon graphite yam are given in Tid>le 19, The lower measured ten- 
sile strength of 1180 HPa for BK 19 compared with 2200 KFa of the untreated 
Cellon 6000 graidilte yarn was probably due to the exposure of the graphite yam 
to the deposition temperature of 1873 K at low pressures rather than the presence 
of the CVD BN coating. This effect of temperature can be seen with the results 
of BN 16 fdildi indicated a tensile strength of only 830 MPa after having been 
exposed to 10 oln at 1873 K compared with the 1 min exposure of BH 19. 
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3.4 Evaluation of CVS SiC Coated Graphite Yams in Conpoaitea 

Large cooqioaite panels of tmtreated and CVD coated graphite yarn vere re» 
qulred to be aade and shipped to NASA at the coapletion of this prograa. The 
graphite yarn for these panels was: HMS graphite yarn, Cellon 6000 graphite yam, 

T-300 graphite yam, and Cellon 12000 graphite yam. The CVS processing condi- 
tions for each graphite yam were diosen to produce the hipest electrical re- 
sistance with the least decrease in nechanical properties of the untreated 
graphite yam and were shown In Td>le 8. The epoxy resin required for these 
panels was to be in all cases the MY720 containing VTRC 89-Z resin. To evalu- 
ate die UTRC aethod of in-house lapregnatlon of yam, tape fabrication, lay-up, 
and laninate cure cycles, that were to be used to fabricate these deliverable 
coBq>osites, snaH conpoaites were aade. These small conposites were unidirec- 
tional 6 to 12 layers thick, 3.8 cm wide by 7.62 cm long. Specimens were cut 
from these panels for three point modulus of rupture and short beam (a/d 4:1) 
testing. Along with the UTRC 89-Z reeln, FR-286 and PR-268 epory resins were 
used as laatrlces for the graphite yam series. For the remaining graphite 
yams only FR-288 and the LTRC 89-Z resins were used for these small composites. 

3.4.1 Sunaaiy of Previous Studies with CVD SiC Coated Grajdilte Yam 
Con^sitea 

At the conclusion of the prevlotta program co^osite panela vere aade con- 
sisting of three types of HTS graphite yam. These three types were: untreated 
BTS graphite yam, CVD SIC coated BTS graphite yam, and CVD SiC in-line oxi- 
dized coated HTS graphite yam. Each panel was composed of 16 layers of uni- 
directional yam 7.64 cm x 7.64 cm with a minimum 60Z voltaw fiber content. The 
resin used In dieae panels has been given the notation UTRC 89-Z. This resin 
was composed of HY720, DEN 438 and DDS and was previously described on page 8 
of this report. Flexural properties of the resin arc listed in Table 20. The 
composite speciawns were oumbared 212—6, 212—7, and 212—8. The first was the 
laninate made with untreated BTS graphite yarn, the second contained CVD SIC 
coated HTS graphite yarn, and the third contained CVD SIC coated HTS graphite 
yam which had been given an in-line oxidation treatment of 773 K. Test speci- 
mens were machined from these panels with s/d of 4:1 for short beam shear tests. 

The results of these tests are listed in T:d>le 21 and tfie averages show 
that the untreated HTS graphite yam panel had a shear strength of 39.6 MPa 
(5.75 ksi). The CVD SiC coated HTS graphite yam panel had a shear strength of 
76 MPa (11.0 kal) and the CVD SIC coated HTS graphite yam that had been given 
an In-line oxidation treatment at 773 K had a shear strength of 101 MPa (14.6 
leal), the latter shear strength values indicate that the oxidation step treat- 
ment of the CVD SiC coated HTS granite yam promotes bonding In the UTRC 89-Z 
resin. 
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3.4.2 CVD SIC Coated Grapliite Yaxn/Epoxy Coaposites 

The untreated H2S graphite yam vaa Initially used with both the PR-286 and 
FR-288 resin systens to make the small evalxtatlon composites. Test results from 
these composites are listed In Table 22. The average flexural strength, modulus 
of elasticity and shear strength for each composite can be compared with the last 
entry in this table which was taken from Hercules data sheets. This comparison 
would indicate that the in-house impregnation of yam, tape fabrication and lay- 
up, and composite cure cycle can produce acceptable finished composites. The un- 
treated HMS graphite yam was then used to prepare small composites with the 
UIRC 89-Z resin. The results for the mechanical tests of specimens cut from 
two of these panels are listed In Table 23. The overall average of 756 MPa (110 
ksl) for the flexural strength and 42.5 MPa (6.2 ksl) for short beam shear are 
both lov.>er than similar values obtained in the PR—286 and PR-288 resins. 

The CVD parameters were chosen Co produce the hipest electrical resistance 
coated and oxidized HMS graphite yam. This CVD SIC coated HMS graphite yam was 
Chen used to make snail cosposltes in 'JTRC 89-Z resin. The results for the mechan- 
ical tests of specimens cut from two of these panels are listed in Table 24. From 
this table it can be seen that for the UTRC 89-Z resin the CVD SiC coated HMS 
gr^blte yam produces an improvement of from 42.3 HPa (6.1 kai) up to 62.8 MPa 
(9.1 ksl) in shear strength. The flexural strength of the coated yam also shows 
a slight improvement of from 756 MPa (110 ksi) for the untreated yam to 867 MPa 
(126 ksl) for the CVD SiC coated HMS graphite yam. 

3.4.3 CVD SiC Coated Cellon Graphite Yam/Epoxy Composites 

Untreated Cellon 6000 graphite yam was used to make six small cotaposltes. 

Three of these employed PR-288 and the other three used UTRC 89-Z as the resin 
matrix. The mechanical test results of specimens cut from these six panels are 
listed In Table 25. In the PR-288 system, the untreated Cellon 6000 graphite 
yam yielded the highest conblnatlon of properties obtained with carbon-epoxy 
composites In this program. The averages of conqxislces T62A, T62B, and T69 
yielded 1850 MPa (268 ksl) for the flexural ?trength and 95.1 MPa (13.8 ksi) for the 
short beam shear strength. With the UTRC 89-Z resin the average flexural strength 
of 1638 MPa (238 ksi) was more than satisfactory but the average shear strengths 
were only 44.6 MPa (6.5 ksl) with this resin system for the untreated Celioo 6000 
graphite yam. 

CVD SiC coated Celion yam that had been oxidized at the teogterature that 
yielded the combination of the hipest electrical resistance with the least de- 
crease in individual fiber strengths was used to make five small composites. 

These five employed UTW: 89-Z as the resin matrix. The results of mechanical 
tests for this group are listed in Table 26, For the CVD SIC coated and oxidized 
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Cellon 6000 graphite yam in the UTRC 89-Z resin the averages of the five cob- 
posites listed lo Table 26 yield 833 MPa (121 kal) for the flexural strength 
and 62.1 MPa (9.0 kei) for the short bean shear strength. The average flexural 
strength for the coated yam was less than that obtained with the untreated 
yarn 833 MPa (121 ksi) conpared to 1638 MPa (238 ksl) in the UT&C 89-Z resin. 

The shear strength on the other hand was slightly higher, 61.2 MPa (9.0 ksi) 
compared to 44.6 MPa (6.5 ksl) for the untreated yam. 

3.4.4 CVD SIC Coated T-300 Graphite Yam/Epoxy Conposites 

The T-300 graphite yarn because of its relatively small number of filaments 
per tow and twist present in the as-received yam was the most difficult graphite 
yam to handle In both the CVD process and in tape making procedures used for 
composite fabrication. Only five of the small conposites for evaluation were 
made with T-300 graphite yam. The mechanical test results of these five com- 
posites arc listed in Table 27. The first three composites (T73, T77, T78) were 
made with untreated T-300 graphite yarn in the UTRC 89-Z resin. The last two 
composites listed in this table were T84 and T85 which were made with the CVD 
SIC coated and oxidised T-300 graphite yam. In the UTRC 89-Z resin the un- 
treated T-300 graphite yam yielded averages of 1489 MPa (216 kal) for the 
flexural strength and 56.6 MPa (8.2 ksi) for short beam sheer strengths. Com- 
posites T78 In this series bad values of 1654 MPa (240 ksi) for the flexural 
strength and 84 MPa (12.2 ksi) for the shear strength. This pertleuler compos- 
ite compares favorably with the optimum desired properties for this system 
combination. 

The CVD SIC coated and oxidized T-300 graphite yam was used to make only 
two small conposites and these were both with UTRC 89-Z resin. The averages 
for these t%ro composites were 673 MPa (97.6 ksl) for the flexural strength and 
78.6 MPa (11.4 ksi) for the short beam shear strength. The flexural strength 
values are lower for the CVD SiC coated T-300 graphite yarn compared to the un- 
treated T-300 graphite yam lo the same UTRC 89-2 resin but the average shear 
strengths for the coated yam are higher 78.6 MPa (11.4 ksi) compared with 56.6 
MPa (8.2 ksl) for the untreated T-300 graphite yarn. These lower flexural 
strength values are felt to be due In part to the difficulty encountered in 
making these composites. This difficulty was attributed to the previously 
discussed poor handleablllty of the CVD SIC coated T-300 graphite yam. 

3.4.5 CVD SIC Coated Cellon 12000 Graphite Yara/Epcxy CcBpcsites 

The Cellon 12000 graphite yam as was discussed previously had become avail- 
able late in this program. Because of this lateness only four ssmII composites 
were made for evaluation. One of each of the following: untreated Cellon 12000 

graphite yam In PR-288 resin (T91) ; untreated Cellon 12000 graphite yam in UTRC 
89-Z realn (T95); CVD SiC coated and oxidized Cellon 12000 graphite yarn in PR-288 
resin (T93); and CVD SiC coated and oxidized Cellon 12000 graphite yam in UTRC 
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89>Z resin (T94). The test results of specisttss cut from these four coeposltes 
are listed in Table 28. The shear strengths for the PR-288 resin systen of 110 
MPa (16.0 ksi) and for the UTRC 89-Z resin systen of 103 HPa <14.9 ksl) for both 
these untreated Cellon 12000 graphite yarn composites are considered aore than 
acceptable. 

The CVO SiC coated Celion 12000 graphite yarn in the PR-288 resin averages 
of 1288 MPa (187 ksi) for the flexural strength and 105 MPa (15.3 ksl) for the 
short beam shear strength compare favorably with those obtained with the CVD SIC 
coated Cellon 6000 graphite yarn previously described. In the UTRC 89-Z reslo. 
the CVD SIC coated Cellon 12000 graphite yam composite yielded averages of 1142 
MPa (16S ksl) for the flexural strength and 73.1 HPa (10.6 ksi) for the short 
bean shear strength. These results are slightly better than what had been 
achieved with the CVD SIC coated Celion 6000 graphite yarn in this resin system. 

3.4.6 Suonary of CVD SiC Coated Gra{^ite Yam/Epoxy Coi^oslte Data 

The test results fron the small oo 9 q>osltes made for evaluation with UTRC 
89-Z that have just been described are aummarized In Table 29 for the various 
coobinations of untreated and treated graphite yams. From d)ls Cable it can 
be seen chat In geiieral Che flexural scrength is lower for Celion 6000 and X-300 
graphice yams in the UTRC 89-Z reain ayatea. The CVD SIC coaced yams in most 
cases when incorporated in the UTRC 89-Z resin yield shear strength results close 
to 68.9 Iff a (10 ksi) which was correspondingly hl^er than those for composites 
containing the treated yams in diis same resin. 

3.4.7 Composites Delivered to NASA 

Large composites 7.6 cm x 7.6 cm by 16 unidirectional plies were required 
by NASA frcm this program for bum tests. In Table 30 are listed these deliver- 
able coBq>osice panels with a description of the graphite yam and CVD SiC /02 
treatment tdien used. All of these coa^oslte panels were made with die UTRC 89-Z 
resin as a matrix. 

3.5 CVD SI 3 N 1 , Coated HMS Graphice Yam/Epoxy Composites 

CVD SI 3 N 4 coated UMS graphite yam from the multiple yam deposition ex- 
periments were put into a composite panel with PR-288 epoxy resin. These con^os- 
ites were made by coating individual CVD SI 3 N 4 coated HI 6 graphite yam tows with 
resin and hand placing them in Che small coiqioslte panel die. The results of 
medtanical tests of specimens cut from these small coiqiosltes are listed in Table 
31. The manual control of spacing iiqiroved as esdi coaponlt^ was prepared (T 88 
throu^ T90), Composite T90 was by far the most cosmetically acceptable panel 
and yet the modulus of rupture results of all three panels listed in Table 31 
are fairly close. 


20 


The average of the Toung'e eoduloe of ell three panels vhen coapared to pre» 
vlous results with HMS graphite yam Indicate that the voluae fraction of in- 
corporated graphite yam waa sli^tly aore than half of what had heen previously 
achieved using continuous yam-t^e fabrication processes. These coaposites, due 
to the hand lay-up processt were resin rich. The average modulus of elasticity 
of these panels as listed in this table was 103 whereas a 601 voluae fraction 
HMS graphite yam panel la typically 182 GPa (see Table 22). Horaallslng the 
obtained flexural strength by the ratio of modulus of elasticity of 60S volume 
fraction to that obtained would yield flexural strengths of epproxlaately 1096 
MPa <159 ksl) . These values are definitely in the range of HMS-epoxy composite 
reeultSf and if this noraallsation is justified would Indicate that the CVD SijKi^ 
coating process did not significantly degrade the HMS graphite yam. 

3.6 Discussion of Organo-Slllcone Approach to Develop Coated Graphite Fibers 

with High Electrical Resistance 

3.6.1 Results of Previous Studies - Static Test Runs 

la the organo-slllcone coating experiments, the objective was to determine if 
the graphite filaments could be coated with m organo-slllcone precursor, and 
through pyrolysis convert the organo-slllcone to a continuous costing of 
aaorpbous silica. 

In the first year's effort, four types of silicone nsteTials were selected 
for these experiments by the static method. Two of these were monomeric silanes, 
capable of forming a polymeric gel on the fiber surface, and two othem were 
soluble silicone prepolymers. Another criteria of selection was that each ma- 
terial would be capable of undergoing deeoBg>osltlon to mostly silicon dioxide, 
containing little or no silicon carbide. 

Tha silanes selected f^re laethyltrlethoxysilane (MTS) and vlnyltriacetoxy- 
silane (VTS). The prepolyners selected were CE silicone resin SR- 355 and a 
conmercial prepolymer of ethyl silicate (ES). The aaterlals selected are listed 
in Table 33. 

The procedure used to coat HTS graphite yam by the static method and de- 
tails of these static experiments were described in Ref. 4. As a result of the 
static tests, which are summarized in Table 33, one siaterlal, a commercial pre- 
polymer of ethyl silicate (ES), was selected for studies In a continuous 
coating apparatus. 
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3.6.2 Results of Previous Coating Experlaents In a Continuous Reactor 


As aentioned above in the first year's effort* ethyl silicate prepolyner was 
selected for additional studies to coat H7S fiber on a continuous basis. Silica- 
like coated HTS fibers produced in this continuous reactor were evaluated for 
electrical resistance* oxidation resistance at 703 K for 8 hrs in static air* 
tensile strength* and for coherency of coating by SEM observations. Slllca-like 
coated KTS fiber with optimum properties was selected for further evaluation In 
a unidirectional composite. The data were presented in the first year's 
report. 

From the shear data in that report. It was concluded that the sillca-ilke 
coating had caused a decrease in the adhesion of the epoxy resin to the coated 
fiber surface. This suggested: (1) that the coating layer was poorly wetted 

by Che epoxy resin or (2) that the coating consisted of a mechanically weak 
boundary layer. The physical appearance of the fiber suggested that the 
coating produced a mechanically weak boundary layer. Experiments designed 
to improve the silica-like coating to increase the electrical resistance of 
the fiber and the shear and flexural properties in composites were carried 
out during the second year's effort. In addition to additional studies with 
ethyl silicate as a coating material* three other materials were evaluated 
In this program. These are Owens-Illinois glass resins 100 and 650* and trl- 
n-butylborate. 


3.6. 3 Studies Using Modified Continuous Coating Reactor 

The continuous reactor used in the first year's effort was modified to 
carry out the coating studies during this period. The modified continuous coating 
reactor Is shown in Fig. 6. Celion 6000 graphite yam was used instead of HTS 
graphite yam as was done in the previous work. As mentioned above* four materials 
were selected for evaluation aa coating mscerlals. They were ethyl silicate (ES)* 
Owens-Illinois glass resins 100 and 650, and trl-n-butylborate. The results of 
these studies for each coating oaterlal are described below. 

3. 6. 3.1 Ethyl Silicate Coating Studies 

A series of coating studies was Initiated with Celion 6000 graphite yam 
instead of HTS graphite yam as was done in the previous work. Ethyl silicate 
solution was used as the coating medium. The conditions of the coating runs and 
the effect on the fiber properties are listed in Table 34. The highest resis- 
tance generated from this aeries of mns in which the ethyl silicate concentra- 
tion was varied from 2.5 to 10 w/o Is 180 oham. The conditions for this run 
(5 w/o, steam 393 K, drawing rate 0.91 m/min* pyrolysis temperature 1093-1173 K) 
were repeated several times. In each case* this resulted in a lower resistance 
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(27-95 ohms) than experienced in run #SC-16. The powder-like appearance of the 
coating on the aurface auggested that the coating la easily renoved causing this 
variation in resistance. 

As indicated in Table 3A, initial pyrolysis studies with the ethyl silicate 
system were carried out at 1093-1173 K In nitrogen. Therefore, a series of runs 
using ethyl silicate at two levels of resin concentration, 2.5 and 3.5 wt %, for 
application to Celion 6000 graphite yarn was carried out at a lower pyrolysis 
temperature to detemlae its effect on electrical resistance. The results of 
these tests are also listed in Table 34. It is clear from the run made at 473 K 
in steam that this low temperature treatment generated a coating with high elec- 
trical resistance, relative to the high temperature treatment (1093-1173 K) . It 
is also apparent that steam treatment improves the resistance of the coating. 

The 573 K treatment also improved the electrical resistance of the ethyl silicate 
coating, relative to the 1093-1173 K treatment, but not nearly to the sane ex- 
tent as the 473 K treatment. Based on these results, ethyl slllcat* appeared 
to be an attractive candidate, as a coating material for increasing the elec- 
trical resistance of the graphite fiber surfaces. 

3. 6. 3. 1.1 Fiber Properties 

The effects of the coating process on the tensile strength of coated fibers 
which showed good electrical resistance were decexnined. In addition, the velf^t 
percent coating on these coated fibers, and by calculation, the approximate thick- 
ness this coating would represent was also detenalned. 

The vei^t percent coating and tensile loads for the ethyl silicate coated 
fibers are listed in Table 34* It should be pointed out that a 20 w/o Increase 
In fiber weight Is equivalent to about IS v/o Increase in the fiber volume, when 
the densities of the graphite fiber and silicon oxide coating are taken into con- 
sideration. If the diameter of the fiber Increases from 6 x 10~** cm to 9 x 
cm, this would amount to a 26.3% increase in fiber dlaomter. This suggests 
that Increases in fiber weight from 20 to 35.3 w/o correspond to coating thick— 
nesses of 0.75 to 1.0.mw This is the range of fiber weight increases generated 
in coating of Celion 6000 graphite yam with ethyl silicate at the concentration 
levels and drawing rate (0.91 a/adn) used In these studies. Relative to "as- 
received” Celion 6000 graphite yam, high electrical resistance yams from runs 
S048, -49 and -50 eidiibit the sane tensile properties , indicating that the 
coating or coating process does not degrade the fiber. Sillca-llke coated yam 
from the hl^ tenperature runs SC-19 and -20 appeared to have tmdergone degra- 
dation (560 to 467N vs 636N for "as-received" yam) . 
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3.6. 3. 2 Glass Resin 100 Coating Studies 

Two novel silicone resin aaterials called glass resin 100 and glass resin 
650 manufactured by Owens-Illinois were also Investigated as coating materials. 
Initial studies were carried out at a low pyrolysis temperature, with and with- 
out steam treatment to determine the effect on electrical measurements. The 
results of these studies are listed in Table 35. Several points are obvious 
from these studies: (1) steam treatment is necessary to obtain high electrical 

resistance a.* Che lower pyrolysis temperatures, 473 and 573 K, and (2) a 
pyrolysis temperature of 573 K is adequate in generating a coating with high 
electrical resistance, (3) this coating material appears promising In that an 
electrical of about 130C ohms was obtained and appears to be reproducible as 
shown by runs SC-22 and SC-36, (4) the highest electrical resistance was ob- 
tained by a 673 X pyrolysis temperature. 

3.6. 3,2.1 Fiber Properties 

The weight percent increase and tensile loads for the glass resin 100 coated 
Celion 6000 are listed In Table 35. Here again, a range in weight percent 
coatings are generated in these coating studies* A weight .ncrease of 17. 3Z 
(run SC- 36) would cause an increase in fiber diameter of at out 0.5um* The coated 
fiber fflth the bluest electrical resistance, run S037, represents 21.4Z in- 
crease in fiber weight, or a diameter increase c£ 0. 75 p»* The tensile loads 
required to fracture these coated yam aso^lea (SC-36 and -37) are equivalent 
to the load required to fracture "aa-received** Celion 6000 yam* This indicates 
chat Che coating or coating process does not damage tiie fiber* Coated fiber 
from runs SC-21, -22, -23 and -24 appeared to have undergone ^out a lOZ loes 
in tensile properties. 

3.6. 3. 3 Glass Resin 650 Coating Studies 

Owens-Illinois glass resin material 650 was also evaluated. A series of 
runs was made over a temperature range of 473 to 1173 K. The results of this 
study are listed in Table 36. 

Every condition tested produced a coated fiber with much greater electrical 

resistance than uncoated fiber. The run made with steam followed by low teiq>era- 

ture pyrolysis (473 iO produced an electrical resistance equivalent to runs made 
using Owens-Illinois glass resin 100 (1100 to 1500 oho) . However, in contrast with 

the high temperature runs with this latter resin, a run made at a pyrolysis tem- 

perature of 1173Kyielded a coated fiber with a resistance of 6500 ohms. This 
result shows chat both glass resin systems are capable of forming hi|d^ resistance 
coatings on Celion 6000 graphite fibers. 
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3»6,3»3«1 Fiber Properties 


Table 36 lists the weight percent coeting on Celion 6000 fiber genereted 
by coating with glass resin 650 and the tensile loads required to fracture the 
coated yams. The range of weight increases due to the costing is 17.7 to 30.21, 
siailar to that experienced with glass resin 100 and ethyl silicate. The In- 
crease In coating thickness would be 0.5 to 7.5 ub* Except for yam samples from 
run SC-47, tensile loads required to fall the tensile specimens of coated vam 
are equivalent to that required to fall ’’as-received" Celion 6000 suggesting 
that the coating or coating process does not degrade the tensile strength of 
the fiber. Apparently the 1173 K pyrolysis temperature used in run SC-47 pro- 
duces a high electrical resistance coating, but causes a 561 loss In tensile 
strength. 

3.6. 3.4 Tri-n-butylborate Coating Studies 

The promising results using Owens-Illinois glass resin 100 to yield silica- 
like coated Celion 6000 graphite yam with a resistance of 1500 ohtas suggested 
that other sinllaT resin systems and coating Mterials should be tested. There- 
fore during this program, sillca-llke coating studies were discontinued tes^orarily 
to evaluate trl-n-butylborate as a coating material. The concept behind the use 
of tri-n-butylborate is the fact that it Is easily hydrolyzed to hydrated boric 
acid, and the boric acid Is converted to a glassy boron oxide. 

B f OO^ CB^ CB 2 j + 3 B 2 O -*• BCOHJj + 3 HOCH 2 CK 2 ““3 

(steam) 

2 b(OH>3 ^ B2O3 + 3H2O 

heat 


A series of runs were made at several concentration levels of trl-n-butylborate 
in isopropyl alcohol. Table 37 lists the conditions of each run and the re- 
sultant resistance of the coated Celion 6000 graphite fibers. It is clear from 
the low resistance measurements that tiiese concentration levels of trl-n-butyl- 
borate are ineffective In Increasing tibe electrical resistance of Celion 6000 
graphite fibers. 

In expeTlmenCs for runs SC-25 through -34, Che coated fiber was hydrolyzed 
and then returned into the coating solution. This was repeated five times be- 
fore tiie final pyrolysis step. In this approach. It was found that during the 
smltlple coating operation the boric acid, B( 0 H) 3 , produced in the hydrolysis 
step was being removed in the costing solution. Ibis meant that only the last 
coating operation re'julted in B(CB )3 pyrolysis to glassy B 2 O 3 . The quantity of 
boron oxide produced on the surface must be extremely small since the coating 
was Ineffective in increasing the electrical resistance of Celion 6000 graphite 
fibers. 
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Additional runs were made In uhlch the borate ester coated fiber was hydro- 
lyzed and subsequently pyrolyzed» followed by another dip into the coating bath. 
This process was repeated five tls«8. Two runs aade fron a 2.5 w/o solution did 
not produce a boron oxide glass coating with laprovcd electrical resistance over 
the uncoated yam. Apparently, at this low concentration (2.5 w/o), even with 
five dips, the glass coating produced was cxtrenely tfiln or is not a coherent 
coating. Additional studies were not carried out at higher concentration levels. 

3.6.4 Evaluation of Silica-like Coated Cellon 6000 Graphite Fibers in 
Epoxy Composites 

3. 6. 4. I Composite Properties 

Composites of the highest resistance coated fibers of each coating material 
were fabricated and tested for shear and flexural strength and axidulus. Two 
hundred feet of coated fiber for each aystea was required to fabricate 3.75 cm 
X 12.5 cm X .25 cm composites. The coated fiber was selected on the basis of 
high electrical resistance and excellent strength retention of the coated Cellon 
6000 fiber relative to untreated Cellon 6000 graphite fiber. The results of the 
mechanical testa are listed In Table 38. The low shear strength valties of about 
35 MPa (5 ksl) for the coated fibers relative to what Is usually obtained for 
untreated fiber, 115 MPa (15 ksl) clearly demonstrates that each coating material 
is poorly bonded to the graphite fiber. This is further Illustrated by the 
poor flexural strength and modulus values. A typical flexural strength of a 
Cellon 6000/epoxy composite is 1565 MPa (225 ksi) while these composites ex- 
hibited strengths of only 279 to 350 MPa (40 to 50 ksl). 

A shear failure mode of the flexural specimens was noted for each case, a 
further indication of the poor bonding of the coating to the fiber. Bl^ez treat- 
ment temperatures of the coatings result in lower resistances, but may produce 
stronger coatings. Future work should be directed toward obtaining these stronger 
coatings. 


3.6.5 Conclusions of Organo-Slllcone Coating Studies 

For the organo-silicone coating approach, the best conditions established 
as a result of these studies are listed in Table 39 for each loaterlal. 
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4.0 GQlEltAL OOMaUSIONS 


The CVD process for coating graphite yams vith SIC, SisNu or BK has been 
shown to be a laethod for increasing the electrical resistance of the as-recelved 
yam. In Che case of CVD SiC continuous process with HMS, T»300. Cellon 6000 and 
Cellon 12000 yams an In-line oxidation furnace could be used to oxidise the sur- 
face of Che SiC coating to further Increase the electrical resistance of the 
coated yam. This oxidation furnace tenperatuce was varied froa 700 to 873 K 
%rlth either 773 R or 873 K found to be optlaum for a particular graphite yam. 

The teoperature of the deposition chaaber was also found to ba an important 
factor In Increasing the resistance of the coated yam with 1398 K an optiaua. 

The highest successful drswlng rste for the CVD SIC process used was 122 ca/aln 
but 30.5 cm/ min was found to be optlaun for all five types of graphite yam 
studied in terns of yielding the highest Incraase In electrical resistance. It 
was found that on the avera^ the CVD SIC continuous coating process with the 
in-line oxidation step did not degrade the aechanlcal properties of the untreated 
yam. This was ascertained through individual flleaent testing of ultlaate ten- 
sile strength. 

Snell coBposites were made from untreated and CVD SiC coated graphite yams 
in both PR-288 epoxy resins and in UTKC 89-Z resins. The UTRC 89-Z resin con- 
tained the coeponents of MT720/DDS. For the untreated and CVD SIC coated yams 
die flexural strength (three point neasurenent) and short bean shear strength 
were lower In the UTRC 89-Z resin than in the PR-288 epoxy resin for corzespcmdlng 
conditions. All the CVD SiC coated yams in the VTRC 89-Z resin for the nost 
part had shear strengths of at least 68.9 MPa (10*0 hsl). 

The CVD SI 3 N 4 static coating process was used with HTS, HMS. Gallon 6000 
and Cellon 12000 graphite yams. An optiaua teq>exature of 1723 K end an aieBoala 
to silicon tetrafluorlde ratio of 6.01 was found to produce consistently coated 
yam that could withstand 120 VAC open circuit tests without signs of arcing for 
all the graphite yarns studied. This was a static CVD process in which 
15-20 cm long tows were to be coated at one time. Individual fiber tests 

Indicated that the CVD 81384 process did not significantly degrade the aechanlcal 
properties of the as-received untreated yam. The CVD SI 3 H 4 coated HMS graphite 
yam was used to make a coopoelte panel with PBr'288 epoxy resin as the matrix. 
Mechanical tests of these cooposites were made and the restilts after correction 
for low voliiae fraction were sinllar to untreated HMS graphite yam In this 
epoxy matrix. 

A CVD BN static coating process for both HMS and Cellon 6000 graphite yams 
was Invsatlgstad. Deposition tempersture of 1873 K for times of 1 to 45 min 
duration were fotnd to produce e BK costing on the Individual graphite yam. 
Deposition times of 10 min were required to produce CVD BN coated yam which 
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could withstand a 120 VAC arcing test. Ultimate tensile strength measurements 
of uncoated single graphite fibers after exposure to the 1873 K thermal environ* 
meot showed a considerable decrease in strength. Tests of single CVD BN coated 
fibers (after exposure to the 1873 K deposition conditions) gave this same low 
ultimate tensile strength. This low tensile strength of the CVD BN coated fibers 
is felt not to be due to the CVD BN process but to the thermal exposure effects 
of 1873 K on the graphite yarn. 

For Che organo-slllcone coating approach Che besC conditions established 
as a result of these studies produced silica-like coated Cellon 6000 graphite 
fibers with an electrical resistance ranging from 720 to 2950 ohms, compared 
with A.O ohms for "as received" Cellon 6000 graphite fibers. 

Composites fabricated from these coated fibers exhibited shear strengths 
of 33 to A3 MPa (4.80 to 6.39 ksi) and flexural strengths of 261 to 374 MPa 
(37.9 to 5A.3 ksi). These values are considerably lower than can be derived 
from "as received" Cellon 6000 graphite fibers, shear strengths of 102 MPa 
(15.0 ksi) and flexural strengths of 1530 MPa (225 ksl)« The composites tested 
in flexure failed in a shear mode. Several reasons can account for theaa low 
shear and flexure values; (1) the pyrolyzed organo-sllicone coating l^er could 
be poorly wetted by Che epoxy resin, (2) the coating could be a madianically 
weak boundary layer, (3) the coating c^'uld be poorly bonded to the fiber surface, 
or (A) a conbination of all three. The physical appearance of the coated fibers 
suggest that the coating nay be a mechanically weak boundary layer. In order 
to Improve Che bonding of the silica-like coating to the fiber, a high pyrolysis 
temperature must be used. 
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T^l* 1 


Reels tanc* Data for CVD SIC Coating Ituns on Gallon 6000 Yam 


Run 

Nuiri)er 

Drawing 

Rate 

Deposition 

Temp 

In-Line 

Oxidation 

Tenp 

Reslstanee, 
Too Middle 

Otutt 

Bottoa 


cn/nln 

K 


K 




N 714 

15 

1398-1453 

none 

3.5K 

45K 

7K 







3. OK 

lOK 

125K 

N 715 

30 





750 

155 

118 







450 

210 

220 

N 716 

60 

i 




300 

160 

390 



\ 

1 




280 

160 

450 

K 717 

90 





360 

290 

210 







200 

90 

110 

N 718 

122 





55 

110 

1.5K 







220 

llO 

200 

K 719 

15 



773 

80K 

4.2K 

29K 







lOK 

1.2K 

55K 

N 712 

30 





1.8R 

1.8K 

1.8K 







1.2K 

I.IK 

1.4K 

N 713 

60 





1.8K 

3.3K 

5.8K 







1.4K 

2.1K 

4.4K 

N 720 

90 





230 

50 

28 







220 

70 

55 

N 722 

122 





75 

155 

300 







75 

60 

400 

S 725 

30 



873 

800 

600 

4.6K 







1.2K 

l.OK 

7.5K 

N 724 

60 





900 

2K 

650 







1.0K 

1.6K 

250 

N 723 

90 





200 

300 

800 







300 

400 

450 

N 722 

122 




•i I” 

140 

16 

42 







13 

17 

18 


30 



Tabu 2 



Raalatmce 

Data for CVD SIC Coating Runa 

on T-300 Graphlta Yam 




In-Line 




Run 

Drewlng 

Deposition Oxidation 

Resistance, 

ohms 

Number 

Race 

Temp Teop 

Top 

Middle 

Bottom 


cm /min 

K 

K 



N 727 

30 

1398-1453 none 

400 

500 

300 






900 

380 

320 

N 728 

60 




300 

280 

360 






260 

200 

400 

N 729 

90 




210 

90 

90 






140 

60 

95 

N 730 

122 




62 

75 

100 






62 

50 

150 

N 732 

30 


i 773 

IK 

1.5K 

400 






550 

650 

400 

N 733 

60 




200 

350 

180 



1 



550 

130 

80 

N 734 

90 

1 

1 

1 


70 

65 

86 




1 


75 

70 

80 

N 735 

122 




50 

65 

200 






68 

80 

155 

N 739 

30 


873 

550 

280 

6.2K 






900 

270 

3.6K 

N 738 

60 




200 

100 

350 






140 

150 

210 

H 737 

90 




60 

55 

50 






58 

52 

55 

N 736 

122 


1 


30 

25 

75 






50 

30 

200 
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Table 3 


Resistance Data for CVD SIC Coating Runa M aHS Graphite xam 


In-Line 


Run 

Drawing 

Deposition 

Oxidation 

Resistance, ohms 

Nundier 

Rate 

Temp 

leap 

I2E 

Middle 

Bottom 


cm/min 

K 


K 




N781 

15 

1398-1453 

none 

15 K 

15 K 

18.5 K 







12 K 

16 K 

17 K 

N777 

30 





3.8 K 

5.4 K 

3.5 K 







3.2 K 

5.2 K 

3.8 K 

N778 

60 





73 

220 

600 







100 

200 

650 

N779 

90 





2.6 

3.2 

3.0 







3.1 

3.0 

2.8 

R780 

122 





2.5 

4.4 

3.5 







2.8 

4.1 

3.2 

N782 

15 



773 

15 K 

12.5 K 

7 K 







16.5 K 

17.5 K 

20 K 

:4765 

30 





925 

1.1 

490 







2.8 K 

310 

390 

S766 

45 

1 

1 




45 

320 

500 



1 

i 



35 

170 

380 

N768 

60 

1 

1 

1 



80 

92 

170 



1 

t 

1 



120 

110 

160 

N769 

90 

1 

1 

i 

1 


65 

90 

32 



1 




48 

70 

30 

N770 

120 





5.5 

3.8 

3.2 







5.5 

3.2 

3.6 

N783 

15 



873 

95 

170 

500 







115 

140 

600 

M773 

30 





1*3 K 

4.4 R 

2.4 R 







1.9 K 

3.3 K 

3.0 K 

K774 

60 


1 



70 

19 

40 




! 



47 

13 

37 

N775 

90 





65 

12 

25 







60 

15 

40 

N776 

120 





4.6 

2.7 

2.1 







3.5 

2.8 

2.2 
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Tabu 4 


Ulclaata Tanalla Strvagth mi Hodulua Baaulta fro* Taata 
on Individual SIC Coatad Gallon 6000 Graphlta Tarn 


la-Lln* Ultlaata 


Run 

Dravlng 

Oxidation 

Tanalla 



Nusbar 

Rata 

Tan® _ 

Stransth 

Modulus 


ca/nln 

K 

MPa 

Ckal) 

GPa 

(10® pal) 

N714 

15.0 

nona 

1899 

(276) 

200 

(29.0) 

N715 

30,5 

nona 

1888 

(274) 

185 

(26.9) 

N716 

61.0 

none 

2181 

(317) 

210 

(30.4) 

N717 

91.5 

none 

2474 

(359) 

202 

(29.3) 

N718 

122.0 

none 

2278 

(331) 

148 

(21.5) 

N719 

15.0 

773 

1649 

(239) 

172 

(25.0) 

N712 

30.5 

773 

2333 

(339) 

207 

(30.0) 

M713 

61.0 

774 

2142 

(311) 

194 

(28.1) 

N720 

91.5 

773 

1693 

(246) 

157 

(22.8) 

N721 

122.0 

773 

1736 

(252) 

188 

(27.3) 

N725 

30.5 

873 

2670 

(387) 

196 

(38.4) 

N724 

61.0 

873 

1910 

(277) 

161 

(23.3) 

M723 

91.5 

873 

1941 

(282) 

195 

(28.4) 

N722 

122.0 

873 

2137 

(310) 

156 

(22.5) 

Aa Rac'd 

Gallon 6000 


2626 

(382) 

183 

(26.6) 




2477 

(359) 

173 

(25.1) 
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T^le 5 


Ultlaate Tensile Strengdi sod Moihilus Besults from Tests on 
Individual CVP SIC Coated HMS Graphite Yam 


Run 

\ugd>er 

Drawing 

Rate 

In-line 

Oxidation 

lefl9> 

Ultimate 

Tensile 

Strength 

Modulus 


cm/ain 

X 


MPa 

(ksi) 

GPa 

(10** psl) 

K781 

15 

None 

1696 

(246) 

277 

(40) 

K777 

30 



1755 

(255) 

305 

(44) 

.N778 

60 



2184 

(317) 

321 

(47) 

N779 

90 



2116 

(307) 

263 

(38) 

^780 

122 



2203 

(320) 

271 

39 

N782 

15 

773 

1901 

(276) 

283 

(41) 

N765 

30 



1999 

(290) 

278 

(40) 

H768 

60 



2205 

(320) 

309 

(45) 

H769 

90 



2077 

(301) 

270 

(39) 

N770 

122 



2262 

(328) 

281 

(41) 

M783 

15 

8: 

73 

2369 

(344) 

293 

(43) 

N773 

30 

i 


2145 

(311) 

305 

(44) 

N774 

60 



2164 

(314) 

350 

(51) 

N775 

90 



2310 

(335) 

274 

(40) 

S776 

122 



2242 

(326) 

315 

(46) 

As Received HMS 



2164 

(314) 

287 

(42) 
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T«bl« 6 


Rulttttce D«tt for CVD SIC CoAtiag Ituas on C-12000 Graphite Yam 


Run 

Number 

Drawing 

Rate 

Deposition 

Temp 

ta^Line 

Oxidation 

Tamp 

Resistance, 
Top Middle 

ohm 

Bottom 


cm/ min 

K 

X 




N872 

30.5 

1398- 

-1453 

773 

IK 

1.85K 

1.4K 

N87A 

30.5 



873 

1.6X 

.9K 

1.4K 

M876 

30.5 


t 

none 

.5K 

1.2K 

.4K 


35 


T^le 7 


Ultiaate Tensile Strength and Modulus Results fros Tests 
on Individual Filaaents froa C 12000 Graphite Tam 


Fiber 

Condition 

Oxidation 

Tenp, 

Ultiaate 

Tensile 

Strenath 

Modulus 


K 

MPa 

(ksl) 

GPa 

(10^ psi) 

CVD SiC 
costed 

none 

2144 

(311) 

231 

(33.5) 

CVT) SiC 
coated 

773 

2355 

(342) 

229 

(33.2) 

CVD SiC 
coated 

873 

2128 

(309) 

258 

(37.4) 

As Received 
C12000 

Graphite Yam 

- 

2916 

(423) 

204 

(29.6) 
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Table 8 


Final eVD SIC Coating Conditions Chosen for 
Various Graphite Yams 


In-Line 

Oxidation UTS Resistance 


Yam 

Temp . 1 K 

MPa 

(tel) 

ohms 

HMS 

873 

2145 

(311) 

2720 

T-300 

in 

- 

- 

820 

Gallon 6000 

in 

2333 

(339) 

1520 

Gellon 12000 

in 

2355 

(342) 

1400 


Reactor tenperature : 1398-1423 K 

Drawing rates: 30 cn/adn 

Gas input: 0.110 1/nin B 2 , 0.110 £/inln C&ut 0.013 i/atin CHsSl«Cl2 
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Individual Fiber Ultimate Tensile Strength and Modulus Test Kesults for 
CVD Si3N|, Coated HTS Graphite Yam 
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Individual Fiber UltlaaCe Tensile Strength and Modulus Test 

Results on GVD Si3N4 Coated HIS Graphite Yam 
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Td>le 11 


Qtialltatlve Arcing Tests on CVD SI 5 S 4 Coated HIS Graphite Fiber 


Run 

Number 

CVD 

Tine 

Slight 

Spark 

Burn 

Catas trophic 
Arcing 

Connents 


tnln 






SN-17 

10 

90 V 

115 V 

yes (120 V) 



SN-18 

20 

105 V 

no 

no 

withstood 

full voltage 

SK-19 

10 

80 V 

•; 5 V 

yes (100 V) 



SN-20 

20 

no 

105 V 

no 

withstood 

full voltage 

SN-21 

10 

60 V 

95-120 V 

no 

withstood 

full voltage 

SN-22 

20 

no 

90 V 

no 

withstood 

full voltage 

SN>23 

10 

no 

95 V 

yes (120 V) 



SS-24 

20 

no 

105 V 

no 

withstood 

full voltage 

As-received - 
yarn 

20 V 

25 V 

45-50 V 
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Table 12 


Ultiaaee Tensile Strength and Modulus Results from Tests on 
Indlvudlsl CVD Sl 3 M|^ Coated IDS Graphite Fllaaents 


Run 

Humber 

Deposition 

Temp 

SlFu 



K 

i/min 

i/mln 

S-44 

1723 

0.0196 

0.1657 

S-43 

1623 

0.0196 

0,1657 

S-42 

1523 

0.0196 

0.1657 

S-34 

1723 

0.0196 

0.1179 

S-31 

1623 

0.0196 

0.1179 

S-35 

1523 

0.0196 

0.1179 

S-36 

1723 

0.0196 

0.0727 

S-37 

1623 

0.0196 

0.0727 

S-38 

1523 

0.0196 

0.0727 

S-41 

1723 

0.0196 

0.0379 

S-40 

1623 

0.0196 

0.0379 

S-39 

1523 

0.0196 

0.0379 

4s 

Received HMS 

Tam 



Deposition time 20 min 


Ultimate 


Mole Ratio Tensile 
KHa/SiFu Strength Modtilue 

un- 



MPa 

ksi 

GPa 

(lO^psi) 

8.45 

1989 

(289) 

295 

(43) 

8.45 

1638 

(238) 

274 

(40) 

8.45 

1950 

(283) 

288 

(42) 

6.01 

1852 

(269) 

256 

(37) 

6.01 

2032 

(295) 

358 

(52) 

6.01 

2223 

(323) 

311 

(45) 

3,72 

1813 

(263) 

311 

(45) 

3.72 

2203 

(320) 

325 

(47) 

3.72 

1882 

(273) 

318 

(46) 

1.93 

1872 

(272) 

287 

(42) 

1.93 

1882 

(273) 

366 

(53) 

1.93 

2252 

(327) 

378 

(55) 


2284 

(311) 

319 

(46) 
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Table 13 


Static Experiments CVD Sl^N^ Coated HMS Tam 


Run 

Number 

Reactor 

Temp. 

SIF 4 

NH 3 

Mole Ratio 
hUs/SlFi. 

Time 


K 

£/mln 

£/min 


min. 

SX 85 

1723 

0.0196 

.1657 

8.45 

5 

SN 88 

1723 

0.0196 

.1657 

8.45 

10 

SN 78 

1723 

0.0196 

.1657 

8.45 

30 

SN 84 

1723 

0.0196 

.1179 

6.01 

5 

SN 87 

1723 

0.0196 

.1179 

6.01 

10 

SN 72 

1723 

0.0196 

.1179 

6.01 

30 

SN 83 

1723 

0.0196 

.0727 

3.71 

5 

SN 86 

1723 

0.0196 

.0727 

3.71 

10 

SN 80 

1723 

0.0196 

.0727 

3.71 

30 
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Xi^le 14 


Oltinate Tensll* Strength and Modulus Results from Tests on 
Individual CVD SI3M1, Costed HM 5 Graphite Yam 

Ultimate 


Run 

Mole Ratio 

Deposition 

Tensile 



Nuodjer 

NH3/S1F«* 

Time 

Strong^ 

Modulus 



min 

MPa 

(ksi) 

GFa 

(10 Vi ) 

SN 94 

3.71 

1 

2219 

(307) 

321 

(46.7) 

SN 93 

3.71 

3 

2458 

(357) 

323 

(46.8) 

SN 92 

3,71 

5 

2009 

(292) 

324 

(47.1) 

SN 97 

6.01 

1 

1539 

(223) 

308 

(44.7) 

SN 96 

6.01 

3 

1839 

(267) 

275 

(39.9) 

SN 95 

6.01 

5 

not tested 

- 

- 

SM 100 

8.45 

1 

2428 

(352) 

286 

(41.5) 

SN 99 

8.45 

3 

1649 

(239) 

324 

(36.8) 

SN 98 

8.45 

5 

2129 

(309) 

287 

(42) 

As Received 


— 

2164 

(314) 

287 

(42) 


HH5 graphite 
yam 
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Table IS 


ExperlMntal Coodltlons 
CVD Sl 3 M|, Coated CeliOD 6000 Yam 


Ilun 

Nunber 

Reactor 

Temp. 

SiFi, 

NH3 

Mole Ratio 
KHa/SiFw 

Tine 


K 

IfmLn 

l/min 


min 

SN 103 

1723 

.0196 

.0727 

3.71 

5 

106 

1723 

.0196 

.0727 

3.71 

10 

SN 105 

1723 

.0196 

.0727 

3.71 

30 

SN 102 

1723 

.0196 

.1179 

6.01 

5 

SK 108 

1723 

.0196 

.1179 

6.01 

10 

Sa 107 

1723 

.0196 

.1179 

6.01 

30 

SK 101 

1723 

.0196 

.1657 

8.45 

5 

SN UO 

1723 

.0196 

.1657 

8.45 

10 

SN 109 

1723 

.0196 

.1657 

8.45 

30 
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T«bU 16 


Vltiaecc Tensile Strength and Modulus Results froa Tests 
on Individual CVD SljNj^ Coated Celloo 6000 Yam 
Deposition Teaperaturc 1723 K 


Run 

Nunfcer 

Mole Ratio 
NH3/S1F4 

Deposition 

Tine 

Ultlaate 

Tensile 

Strength 

Modulus 



nln 

MPa 

(ksl) 

GPa 

(lO^psl) 

SM 113 

3.71 

1 

1475 

(214) 

152 

(22.0) 

SH 114 

3.71 

3 

1889 

(274) 

186 

(27.2) 

SN 113 

3.71 

5 

not tested 



SN 116 

6.01 

1 

1868 

(271) 

186 

(27.0) 

SM 117 

6.01 

3 

1875 

(272) 

216 

(31.4) 

SM 118 

6.01 

S 

2020 

(293) 

176 

(25.5) 

SM 119 

8.45 

1 

1779 

(258) 

170 

(24,6) 

SM 120 

8.45 

3 

1496 

(217) 

214 

(31.0) 

SM 121 

8.45 

5 

not tested 



As Received 

.. 

2477 

(359) 

173 

(25.1) 


Cellon 6000 
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Table 17 


CVD BN Coating Runs on B!6 Graphite Yam 
BF3/NH3 Ratio of 0.229 


Run 

Nunber 


BN 1 
BN 2 
BN 3 
BN 4 
BN 5 
BN 6 
BN 7 
BK 8 
BN 9 
BN 10 
BN 11 
BN 12 
BN 13 


Graphite Number Deposition 

Yam of Tows Temperature 

K 

2 1873 


1848 

1823 

1798 

1773 

1748 


Tine 

lain 

30 

20 

15 

10 

30 

5 

180 

30 
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T«bl« 18 


CVD BN Coating Ituna 
Gcllen 6000 Graphite Yarn 
Deposition Taaparature 1873 K 
BFs/NHa Ratio of 0.229 


Run Nuaber 


Huober 

of Tows 

Tine 




min 

BN 

14 

2 

5 

BN 

15 

2 

10 

BN 

16 

2 

15 

BN 

17 

2 

30 

BN 

18 

2 

45 

BN 

19 

2 

1 

BN 

20 

2 

1 

BN 

21 

2 

3 

BN 

22 

2 

3 

BN 

23 

8 

10 
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19 


Ultlnace Tenalle Strength and Modulus Results 
fron Tests on Individual Filaoents froa 
CVD BN Coated Celion 6000 Graphite Yam 


Fiber 

Condition 

Tine of 
Deposition 

Ultimate 

Tensile 

Strength 


Modulus 



MPa 

(ksl) 

GPa 

(10^ psi) 

CVD BN 
coated 
3M-19 

1 min 

1186 

(172) 

163 

(23.6) 

CVD BN 
coated 
BK-16 

10 min 

834 

(121) 

130 

(18.8) 
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Tabl« 20 


Fl«xur«l Properties of OTIC 89-Z Epoxy Sesin 


1 


Flexurel Properties 


2 


Spscloen 


No. 

Strensth 

Modulus 


MPa 

(ksl) 

GPa 

(10^ pal) 

1 

81.7 

(11.8) 

3.15 

(0.46) 

2 

109 

(15.8) 

3.C3 

(0.44) 

3 

96.2 

(14.0) 

3.18 

(0.46) 

4 

95.6 

(13.9) 

3.52 

(0.51) 

5 

76.5 

(11.1) 

3.59 

(0.52) 


^Cure cycle: 2 hrs 0 398 K + 2 hre 0 423 K + 2 hrs 0 448 K 

^Pour point flex, span*to-depth retlo 20/1 
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T^le 21 


Short Beatt Shear Test Results of Conposites 
with HIS Graphite Tam 


Specimen 

Kunber 

Fiber 

Condition 

Shear Strength 



MPa 

(kal) 

212-6 

untreated 

AO. 3 

(5.95) 



36.7 

(5.31) 



41.9 

(6.07) 



39.6 

(5.75) 

212-7 

CVD SiC 

73.8 

(10.7) 



79.4 

(11.5) 



74.9 

(10.9) 



76.0 

(11.0) 

212-8 

CVD SIC 

99.4 

(14.4) 


In-Line 

103 

(14.9) 


Oxidation 

101 

(14.6) 


101 (14.6) 
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22 


CoflpMit* iMt Results 
Untreated H}fi Graphite Tam 


Speclaen 

Number 


Resin 


Flexural 

Strength 


Modulus 


Shear 

Strength 


Hercules Values 
H1B/250®P epoxy 



MPa 

(ksl) 

GPa 

(lO^psi) 

MPa 

(ksl) 


1129 

(164) 

185 

(26.8) 

66.7 

(9.68) 


1142 

(166) 

168 

(24.4) 

44.2 

(6.42) 


1174 

liM 

187 


66.9 

SSjJSI 

Avg 

1151 

(167) 

180 

(26.1) 

59.3 

(8.60 


1138 

(168) 

190 

(27.5) 

66.5 

(9.64) 


1236 

(179) 

197 

(28.5) 

68.8 

(9.98) 


1229 

U2SL 

193 

I2L91 

67.5 


Avg 

1206 

(175) 

193 

(28.0) 

67.6 

(9.80) 


1285 

(186) 

194 

(28.1) 

80.5 

(11.7) 


1063 

(154) 

199 

(28.8) 

82.5 

(12.0) 


1319 

laa 

196 


80.0 

(U-il 

Avg 

1220 

(177) 

196 

(28.4) 

81.3 

(11.8) 


1271 

(184) 

205 

(29.8) 

75.2 

(10.9) 


1218 

(177) 

204 

(29.6) 

76.1 

(11.0) 


1271 

iMi 

202 

(29.2) 

75.0 

(10.93 

Avg 

1255 

(182) 

203 

(29.5) 

75.1 

(10.9) 


1136 

(165) 

166 

(24.1) 

62.0 

(9.0) 


1094 

(159) 

166 

(24.1) 

74.8 

(10.8) 


1153 

iim. 

164 

(23.71 

73.9 

mji 

Avg 

1131 

(164) 

165 

(24.0) 

70.3 

(10.2) 


1285 

(186) 

193 

(27.9) 

74.3 

(10.8) 


1383 

(201) 

193 

(28.0) 

76.1 

(11.0) 


1201 


187 


79.0 

(11^ 

Avg 

1289 

(187) 

191 

(27.7) 

76.5 

(11.1) 


1394 

(202) 

191 

27.7 

81.9 

(11.9) 


1313 

(190) 

197 

28.6 

81.4 

(11.8) 


1365 

il^a 

193 

28.0 



Avg 

1358 

(197) 

194 

(28.1) 

81.3 

(11.8) 


1165 

(169) 

182 

(26.4) 

68.9 

(10.0) 
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Table 23 


Specimen 

Number 


CCVD-6 


CCVD-7 


T 97 


Coapoeite Teat Results 
Untreated HMS Graphite Tam in 
UTRC 89-Z Resin 



Flexural 

Strength 


Modulus 

Shear 

Strength 


MPa 

(ksi) 

GPa 

(1^ psi) 

MPa 

(ksi) 


747 

(108) 

165 

(24.0) 

45.6 

(6.61) 


807 

(117) 

173 

(25.2) 

44.7 

(6.48) 


713 

iJMi 

172 

(24.9) 

44.5 

(6.45) 

Avg 

751 

(109) 

170 

(24.7) 

44.9 

(6.51) 


478 

(69.4) 

177 

(25.6) 

36.7 

(5.32) 


677 

(98.1) 

178 

<25.8) 

44.6 

(6.46) 


772 


171 

(24.8) 

39.2 


Avg 

641 

(93) 

175 

(25.4) 

40.1 

(5.82) 


783 

(114) 

204 

(29.6) 

42.2 

(6.12) 


631 

(91.5) 

192 

(27.9) 

40.6 

(5.88) 


1201 

(174) 

20.9 

(30.4) 

41.7 

43.0 

(6.04) 

(6.24) 

Avg 

875 

(127) 

202 

(29.3) 

41.8 

(6.07) 
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Tabu 24 


Coopoalta Test Raaulta 

CVS SIC Coatsd a&d Oxidised H>fi Craphlta Yam 


Speclncn Flaeural 


Kuabar 

Raala 


Strength 

Module 




MPa 

(ksl) 

GPe (10^ pal) 

CCVD-9 

UTRC 


749 

(109) 

156 

(22.9) 


89-Z 


1001 

(145) 

159 

(23.1) 




725 

110^ 

155 




Avg 

827 

(120) 

157 

(22.8) 

CCVS-IO 

UTRC 


872 

(126) 

195 

(28.2) 


89-Z 


864 

(125) 

185 

(26.8) 




991 


182 

12^ 



Avg 

910 

(132) 

187 

(27.1) 


Shear 
Strength 
MPa (ksl) 

52.9 (7.67) 

51.6 (7.48) 

47.0 (6.82) 

50.5 (7.32) 


80.1 (11.6) 
80.7 (11.7) 

65.1 (9.45) 

75.1 (10.9) 
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T^le 25 


Speclnien 

Number 


I 62A 


T 62B 


T 69 


T 63 


T 64 


T 80 


Composite Test Results 
Untreated Celion 6000 Yam 


Flexural 


Shear 


Resin 


Modulus 




MPa 

(ksi) 

GPa 

(10^ psi) 

MPa 

(ksi) 

288 


1981 

(287) 

133 

(19.3) 

92.5 

(13.8) 



1888 

(274) 

129 

(18.8) 

88.3 

(12.8) 



1970 

(286) 

134 

119^ 

92.7 

( 13 - 4 ) 


Avg 

1944 

(282) 

132 

(19.2) 

91.7 

(13.3) 

288 


1918 

(278) 

131 

(19.0) 

94.0 

(13,6) 



1913 

(278) 

135 

(19.6) 

94.2 

(13.7) 



1864 


128 

(18.6) 

93.8 



Avg 

1903 

(276) 

132 

(19.1) 

93.8 

(13.6) 

286 


1708 

(248) 

134 

(19.5) 

98.6 

(14.3) 



1779 

(258) 

130 

(18.7) 

100.6 

(14.6) 



1627 


134 


100.6 



Avg 

1703 

iiun 

132 

(19.2) 

100.0 

(14.5) 

UTRC 


1417 

(205) 

148 

(21.5) 

32.5 

(4.72) 

89-Z 


1470 

(213) 

150 

(21.7) 

34.2 

(4.97) 



1705 


149 


39.2 

(5.69) 


Avg 

1530 

(222) 

149 

(21.6) 

35.4 

(5.13) 

UTRC 


2118 

(307) 

149 

(21.6) 

42.2 

(6.12) 

89-Z 


1917 

(278) 

151 

(21.9) 

48.5 

(7.03) 



2167 


149 


44.6 



Avg 

2068 

(300) 

150 

(21.7) 

45.1 

(6.54) 

UTRC 


1440 

(209) 

N 

.A. 

47.1 

(6.83) 

89-Z 


1290 

(187) 



52.8 

(7.66) 



1222 

(JJJl 



60.2 

(8.72) 


Avg 

1317 

(191) 



53.4 

(7.74) 
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Td>lft 26 


Speclnen 

Kunbcr 


T-67A 


T-67B 


T-70 


T-71 


T-72 


Coaposlt* TMt Rftsults 
CVD SIC Coated and Oxidized 
Cellon 6000 Graphite Yam 


Realn 


Flexural 

Modulus. 

Shear 

Strength 



MPa 

(ksl) 

GPa (lO^psl) 

HPa 

(kal) 

UTRC 


752 

(109) 

135 

(19.6) 

59.9 

(8.69) 

89-Z 


1193 

(173) 

138 

(20.1) 

50.3 

(7.29) 



731 

(106) 

124 

(18.0) 

58.7 

LWH 


Avg 

889 

(129) 

132 

(19.2) 

56.2 

(8.15) 

UTRC 


786 

(114) 

139 

(20.2) 

41,7 

(6.05) 

89-Z 


745 

(108) 

136 

(19.7) 

43.2 

(6.26) 



958 

Xi^ 

125 

ClJal). 

43.4 

X6J02. 


Avg 

827 

(120) 

132 

(19.2) 

42.4 

(6.15) 

UTRC 


696 

(101) 

134 

(19.4) 

102.7 

(11.9) 

89-Z 


814 

(118) 

139 

(20.2) 

104.1 

(15.1) 



958 

(139) 

143 


110.0 



Avg 

820 

(119) 

139 

(20.1) 

105.5 

(15.3) 

UTRC 


731 

(106) 

137 

(19.8) 

60.5 

(8.77) 

89-Z 


924 

(134) 

130 

(78.9) 

55.5 

(8.05) 



931 

il^ 

138 

(20.0) 

56.0 

<8.r.l3} 


Avg 

862 

(125) 

135 

(19.6) 

56.7 

(8.23) 

UTRC 


758 

(110) 

121 

(17.5) 

46.7 

(6. 78) 

89-Z 


696 

(101) 

125 

(18.1) 

45.9 

(6.66) 



848 

(123) 

125 

(18.1) 

54.0 

<7.831 


Avg 

765 

(111) 

124 

(17.9) 

48.9 

(7.09) 
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labU 27 


Specimen 

Kunber 


I 73 


T 77 


T 7$ 


T 8A 


T 85 


Conpofllce Test Results 
T-300 Graphite Yarn 


Fiber Flexural Shear 


Treatment 

Kesln 

Strength 

Modulus 

S trength 



MPa 

(ksl) 

GPa 

(lO^psl) 

MPa 

(ksl) 

none 

UTRC 

1303 

(187) 

132 

(19.1) 

41.2 

(5.98) 


89-Z 

1338 

(194) 

130 

(18.9) 

29.4 

(4.26) 



1351 


132 

(19.2) 

29.3 

(7.15) 


Avg 

1324 

(192) 

132 

(19.1) 

40.0 

(5.18) 

none 

UTRC 

1606 

(233) 

139 

(20.1) 

49.3 

(7.15) 


89-Z 

1462 

(212) 

139 

(20.2) 

48.1 

(6.98) 



1393 

(202) 

146 

(21.1) 

52.9 

(7.67) 


Avg 

1469 

(216) 

142 

(20.5) 

50.1 

(7.27) 

none 

UTRC 

1376 

(200) 

143 

(19.3) 

93 

(13.5) 


89-Z 

1913 

(278) 

144 

(20.8) 

98 

(14.2) 



1672 

(242) 

138 


62 

(9.03) 


Avg 

1654 

(240) 

142 

(20.0) 

84 

(12.2) 

CVD SiC/02 

UTRC 

813 

(118) 

119 

(17.3) 

97.9 

(14.2) 

89-Z 

603 

(87.5) 

U3 

(16.4) 

81.3 

(11.8) 



758 

im. 

121 


95.1 

(13.8) 


Avg 

724 

(105) 

118 

(17.1) 

91.7 

(13.3) 

CTD SiC/02 

UTRC 

718 

(104) 

124 

(18.0) 

63.5 

(9.20) 

89-Z 

541 

(78.5) 

115 

(16.7) 

66.2 

(9.60) 



605 

(87.8) 

120 

(17.4) 

65.6 

(9.52) 







66.4 

(9.64) 


* Avg 

621 

(90.1) 

120 

(17.4) 

65.4 

(9.49) 
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Table 28 


Composite Test Besults 
Celion 12000 Graphite Yarn 


Ipeclnen 

Nuofcer 

Fiber 

Treatment 

Resin 

Flexural 
Strength 

Modulus 

Shear 

Strength 




MPa 

(kei) 

GP a 

(lO^psl) 

MPa 

(kel) 

X 91* 

none 

PR-288 

N. 

A.* 


M,A.* 

106 

(15.4) 








111 

(16.1) 








112 

(16.2) 








111 

iiioi 



Avg 




110 

(16.0) 

T 95* 

none 

UTRC 

M. 

A.* 


K.A.* 

107 

(15.5) 



89-Z 





98.6 

(14.3) 








107 

(15.5) 








98.5 




Avg 




103 

(14.9) 

T 93 

CVD SlC/02 

FR-288 

1317 

(191) 

115 

(16.7) 

105 

(15.2) 




1425 

(207) 

116 

(16.9) 

104 

(15.0) 




1122 

im. 

117 

(17.0) 

107 

115^ 



Avg 1288 

(187) 

116 

(16.9) 

105 

(15.3) 

T 94 

CVD SIC/O 2 

UTRC 

1065 

(154) 

136 

(19.8) 

75.1 

(10.9) 



89-Z 

1065 

(154) 

133 

(19.2) 

74.3 

(10.8) 




1297 

im. 

136 

W,2} 

69.4 

JURsil 



Avg 1142 

(165) 

134 

(19.6) 

73.1 

(10.6) 


*Speclaiens failed In compression 
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Sumnatlon of Snail Conpoalte Teat Results 
with UTRC 89-Z Kenin 
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*Teat apecinena failed in compreaalon 



T*l« 30 


CM^Mltcs Dtllvartd to 


Cr«phit« 

Yaxh 

CVD 

SlC/02 

Nunber 
of Psaels 

Slse 

cm 

Onldlrectlonsl 

Piles 

HIS 

no 

3 

7.6 X 7.6 

16 

HIS 

SIC only 

3 

7.6 X 7.6 

16 

HTS 

y— 

3 

7.6 X 7.6 

16 

BM5 

no 

3 

7.6 X 7.6 

16 

BMS 

y 

3 

7.6 X 7.6 

16 

T-300 

no 

3 

7.6 X 7.6 

16 

T-300 

yes 

3 

7.6 X 7.6 

16 

Gsllen 

yes 

3 

7.6 X 7.6 

16 

6000 

Ccllcn 

no 

3 

7.6 X 7.6 

16 

12000 

Cellon 

yes 

3 

7.6 X 7.6 

16 

12000 
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T^le 31 


CVD SI 3 N 4 Coated Graphite Yam 
In PR-288 Resin Matrix 


CoiQposlte 

Number 

Thickness 


Flexural 

Strength 

Modulus 


cm 

(in) 


MPa 

(ksi) 

GPa 

(10^ psi) 

r-88 

,036 

(.014) 


713 

(103) 

77.1 

(11.2) 





486 

(70.4) 

62.5 

(9.1) 





775 

(112) 

137 

(19.7) 




Avg 

636 

(95.1) 

92.4 

(13.4) 

T-89 

.056 

(.022) 


444 

(64.3) 

83.0 

(12.0) 





484 

(70.2) 

86.2 

(12.5) 





767 

(111) 

144 

(21.0) 




Avg 

564 

(81.8) 

105 

(15.2) 

1-90 

.096 

(.038) 


670 

(97.2) 

119 

(17.3) 





627 

(90.9) 

108 

(15.7) 





604 

(87.7) 

109 

SJUl 




Avg 

634 

(91.9) 

112 

(16.3) 
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T«bl« 32 


Organo-Slllconc Katcrials Selected fox Evelcetlon 


Methyltriethoxysilane (MTS) 
Vlnyltrlacetoxysilane (VIS) 


CH3*S1(0C2H5)3 
CHj-CH-Sl-CO-^-CHj) 3 


Silicone Resin GE (SR 355} 


Ethyl silicate prepolyner (ES) 
R&R Silicate Binder #18 
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T«bl« 33 


ConclusloM froa Static Tests 



Oxidation 

Results 

Resistance 

Results 

SEM 

Observations 

Tensile 

Results 

MTS 

Poor 

Good 

Good 

- 

\n[s 

Poor 

Good 

Poor 

Good 

SR 355 

Good 

Good 

Fair 

Good 

ES 

Good 

Good 

Good 

Good 
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TibU 34 


ProptrtlM of Bthpl 8111c«t« Coattd 
Otlloo 6000 Gr«phlt« Tatn 


CondltioM^*^ Yotp Prop»rtlt» 


Run Ko. 

We X 

Ethyl 

Silicate 

Coating 

Solution 

Steam 

Temp 

Pytolyala 

Temp 

K 

Electrical 

Baalatance 

ohns^ 

Wt X 
Coating 

Tam 
Fracture 
Load^*^ 
(Iba) (N) 


”Aa- 



4.0 

none 

143 

636 


recelvcd" 







SC'll 

2.5 

393 

1093-U73 

18 

m 

m 

- 

-12 

2.5 

none 


15 

— 

- 

- 

-13 

3.5 

393 


29 

- 

— 

- 

-14 

5.0 

393 


27 

- 

- 

- 

-15 

3.5 

393 


36 

— 

- 

- 

•16 

5.0 

393 


180 

- 

- 

- 

-17 

8.0 

393 


60 

- 

- 

— 

-18 

10.0 

393 


40 

- 


— 

-19 

5.0 

393 


75 

24.7 

126 

560 

-20 

5.0 

393 


95 

35.5 

105 

467 

SC-51 

2.5 

none 

473 

500 

- 

- 

- 

-48 

2.5 

393 

473 

2950 

25.8 

138 

614 

-50 

2.5 

none 

673 

180 

19.3 

140 

623 

-49 

2.5 

393 

573 

480 

22.3 

136 

614 

-54 

3.5 

none 

473 

190 

20.4 

123 

547 

-55 

3.5 

393 

473 

60 

34.5 

135 

601 

-53 

3,5 

none 

573 

120 

21.0 

135 

601 

-52 

3.5 

393 

573 

340 

22.5 

119 

529 


^P 3 frolyals done In N 2 

^drawing rate 0.91 a/nln 

^2.5 cm dletance between electrodes 

A 

^2.3 cm gage lengtii 
^average of six apeclaens 
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I^le 35 


Properties of Glass Resin 100 Coated Cell on 6000 Graphite Yam 


Coating Conditions 


1,2 


Yam Properties 


Run Wo, 

Wt X 
Glass 
Resin 
100 

Coating 

Solution 

SteaiB 

Temp 

JL 

Pyrolysis 

Temp 

Electrical 

Resistance 

ohms 

Wt X 
Coating 

Yam 
Fracture 
Loads^*^ 
(lbs) (K) 


"As- 

Received" 



4.0 

none 

143 

636 

SC-41 

3.8 

none 

673 

800 

25.9 

140 

623 

SC-37 

3.8 

398 

673 

2900 

20.4 

133 

592 

SC-40 

3.8 

none 

773 

1100 

24.4 

139 

618 

SO-38 

3.8 

398 

m 

1700 

22.7 

144 

641 

SC-39 

3.8 

398 

873 

800 

22.0 

140 

623 

SC-36 

3.8 

398 

573 

1100 

17.3 

143 

636 

SC-35 

3.8 

398 

573 

230 

- 

- 

- 

SC-21 

3.8 

none 

573 

22 

16.2 

128 

574 

SC-22 

3.8 

398 

573 

1500 

46.9 

130 

578 

SC-23 

3.8 

none 

l*Ti 

30 

23.9 

121 

538 

SC-24 

3.8 

398 

473 

500 

12.4 

132 

587 


^pyrolysis done in N2 

^drawing rate 0.91 n/nin 

^2.5 cm distance between electrodes 

^2.5 cm gage length 

^average of six specimens 
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Tibia 36 


Propixclas of 61ns Basiix 650 Ccfttsd CbXxSu 6C0C GrspuiwS 7srs 


1 2 

Coatlne Condi tloiiB * 


Run No. 

Vt 1 
Glaas 
Resin 
650 

Coating 

Solution 

Steam 

Temp 

K 

Pyrolysis 

Tenp 

K 

- 

”as- 

xecalved” 


- 

SC-42 

2.5 

none 

1173 

SC-44 

2.5 

398 

473 

SC-43 

2.5 

none 

573 

SC-46 

2.5 

398 

773 

SC-47 

2.5 

398 

1173 


pyrolysis done In N 2 acnosphere 

^drawing rate 0.91 n/nin 

^2.5 CB distance between electrodes 

^2.5 CB gage length 

^average of six speclnens 


Yam Properties 


Electrical 

Resistance 

3 

ohms 

Wt X 
Coating 

Yam 

Fracmre 

Load^'^ 

(lbs) 

(S) 

4.0 

- 

143 

636 

100 

17.7 

135 

601 

1250 

30.2 

140 

623 

720 

22.1 

140 

623 

370 

22.5 

147 

654 

6500 

19.9 

63.1 

281 
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Tabl« 37 


Pyrolyzftd erl-n^utyl Borate Coated Celion 6000 Graphite Fibers 
Produced by the Modified Continuous Coating Apparatus 


Run 

No. 

Cone. 

tri-n-butyl 

Borate 

Drawing 

Rate 

Steam 

Temp 

Pyrolysis 
Temp in 
N2 . 

Electrical 

Resistance' 


wt % 

n/nin 

K 

K 

ohms 

SC-25 

2.5 

0.91 

398 

973 

6.8 

SC-26 

2.5 

0.91 

398 

473 

5.7 

SC-27 

2.5 

0.91 

398 

873 

6.7 

SC-28 

2.5 

0.91 

398 

573 

5.9 

SC- 29 

2.5 

0.91 

398 

473 

5.6 

SC-30 

2.5 

0.91 

398 

973 

3.9 

SC-31 

5.0 

0.91 

398 

973 

6.8 

SC-32 

10 

0.91 

398 

973 

5.4 

SC-33 

20 

0.91 

398 

973 

5.1 

SC-34 

20 

0.15 

398 

973 

7.5 


^The resistance of a specimen 7.6 cm long, with a 2.54 cm section free 
between the copper block electrodes 
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Table 38 


Mechanical Properties of Ccnposltes Containing Sillca-Llke 
Coated Cellon 6000 Graphite Fibers la Eposcy Matrix 


Composite 

Coating 

Shear 


2 

Flexural Properties 

No. 

Material 

Strength^ 

Strength 

Modulus 



MPa 

(kel) 

MPa 

(ksl) 

GPa 

(10^ psl) 

CSC- 39 

Class Besln 

40.3 

(5,85) 

261 

(37.9) 

65.3 

(9.47) 


100 

38.3 

(5.55) 

305 

(44.3) 

66.7 

(9.68) 



41.3 

(5.99) 

355 

(51.4) 

77.7 

(U.3) 

CSC- 43 

Glass Besln 

35.7 

(5.18) 

262 

(38.1) 

88.6 

(12.9) 


650 

35.7 

(5.18) 

288 

(41.8) 

80.3 

(11.6) 



35.1 

(5.09) 

279 

(40.5) 

84.6 

(U.3) 

CSC- 48 

Ethyl 

35.7 

(5.18) 

372 

(54.0) 

70.7 

(10.2) 


Silicate 

33.3 

(4.83) 

374 

(54.3) 

73.6 

(10.7) 



45.4 

(6.59) 

374 

(54.3) 

74.6 

(10.8) 


^S/D - 4/1 
2 

Four point flexure test at a span-to>depth ratio of 20/1 


Table 39 


Opclnum Conditions for Organo-Sllicone Coating 
of Cell on 6000 Graphite Fibers 


W t S S te am 


Run 

Coating 

Coating 

Temp 

No, 

Hater la 1 

Solution 

K 


"as received" 

none 

- 

3C-48 

Ethyl Silicate 

2.5 

398 

SC-38 

Glass Resin 100 

3.8 

398 

SC-43 

Glass Resin 650 

2.5 

none 



Electrical 

Yam 

Fracture 

Pyrolysis 

Resistance 

Loads 

Tenp. K 

ohms 

lbs 

N 

- 

4.0 

143 

636 

373 

2950 

138 

614 

C 70 

■> "> /N r% 

144 



x/uu 

641 

573 

720 

t /.A 
J.«*U 

623 
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79-0! -261-1 a 


Fig. 1 ContliHiOttt DtpotHioii CVD SIC Apparttut 





79-01 




Fig. 3 Graphite ftesistence Fumaca Used for CVD Si3N4 


76-320 


a0-4-1l9-S 












Fig. 6 Induetion Unit CVO SI3N4 Apparatus 






Fig. 6 Modified Continuous Fiber Coating Apparatus 


80-130 A 


80 - 4 -- 11 9-4 

















INliNfc 

OXIDATION FURNACE' 



79-263-A 80-4-119-3 


Fig. 8 Continuous Flectrical Rotitlanet MMturemoni Sot-Up 






CAU8RATE0 
LINEAR AMPLIFIER 



79-^05-4a-1 


Fig. 10 SIngl* Filam«nt T«ntilt Tester 























Fig. 12 CVD Silicon Nitride Coated NTS Graphite Fiber 




( 


f 



15 MIN 


30 MIN 



60 MIN 



aSi3N4 STANDARD 

Fig. 14 X-Ray Diffraction Patterns of Silicon Nitride Coated HTS Graphite Fiber 


79 - 02 - 105-1 


DEPOSITION "EMPFRATURr 16/3< 
TIM" 5 MINUTES 



% 

V- 

t. 

r 



S^m 


i 





Fig. 1$ SEM of Silicon Nitride Coated NTS Graphite Yam 


79-04-G7^1 


DEPOSITION TEMPERATURE. 1673K 
TIME; 10 MINUTES 





Fig. 16 SEM of Silicon Nitride Coated NTS Graphite Yam 


79 - 04 - 97-2 




{ 


DEPOSITION TEMPERATUHE: 1S73K 
TIME: IS MINUTES 






Fig. 17 SEM of Siticon Nitride Coated NTS Graphite Yam 


79 - 04 - 97*3 


DEPOSITION TEMPERATURE: 1S93K 
TIME: S MINUTES 




Elint 



Elir. 


Fig. 18 SEM of Silicon Nitride Cooled NTS Oriphile Yam 


79 - 04 ' 97-4 


DEPOSITION TEMPBtATUNE: 1693K 
TIME: 10 MINUTES 






2|ltr 


Fig. 19 SEM of Silicon Nitrido Coatod HTS Graphite Yam 




OEPOSrriON temperature: 1S03K 
TIME: 15 MINUTES 







S|im 




2/im 


Fig. 20 SEM of Silicon Nitride Coated NTS Qiaphite Yam 


79 - 04 - 97-6 







S M’N JTE CEPCSmO\ 


NH3«iF4 



Fig. 22 CVD SI 3 N 4 Coated HMS Yam 


70 ^ 09 -. 35^1 



C MINUTE DEPOSmON 



NH3/SiF4 = 8.45 

Rg. 23 CVD Si 3 N 4 Coated HMS Yam 


T#- ->»- 35-? 


X M’N J1E CEPCSiriON 



Fig. 24 CVD Si 3 N 4 Coated HMS Yam 





MIDDLE REGION 


Bii'n 


BOTTOM REGION 


Fig. 25 CVO Si 3 N 4 Coatings 





5 M.NUTc DEPOSITION 
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